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L2 ANSWER 1 OF 63 CAPLUS COPYRIGHT 2000 ACS DUPLICATE 1 

AN 2000:99172 CAPLUS 

TI Use of apathogenic vaccinia virus MVA expressing EHV-1 

gC as basis of a combined recombinant MVA/DNA 

vaccination scheme 
AU Huemer, Hartwig P.; Strobl, Birgit; Nowotny, Norbert 

CS Institute of Hygiene, University Innsbruck, Innsbruck, A-6010, Austria 
SO Vaccine (2000), 18(14), 1320-1326 

CODEN: VACCDE; ISSN: 0264-410X 
PB Elsevier Science Ltd, 
DT Journal 
LA English 

AB The nonreplicating chicken adapted vaccinia virus strain 

MVA was used in a combined vaccine scheme. Using the equine 

herpesvirus type 1 (EHV-1) encoded complement-receptor glycoprotein C as 

antigen, only poor antibody response was induced by exclusive vaccination 

with DNA plasmids. The administration of recombinant 

MVA followed by plasmid immunization elicited both humoral and 

cellular immune responses in hamster comparable to EHV-1 full 

virus vaccines. Our results indicate that recombinant 

constructs based on MVA represent a safe and efficient way to 

overcome problems of poor immune g en i city of certain antigens upon i,m. DNA 

vaccination, thus replacing sophisticated adjuvants or application 

methods, which are not readily applicable in routine practice. 

L2 ANSWER 2 OF 63 MEDLINE DUPLICATE 2 

AN 2000091348 MEDLINE 
DN 20091348 

TI Biology of attenuated modified vaccinia virus Ankara 

recombinant vector in mice: virus fate and activation of 

B- and T-cell immune responses in comparison with the Western Reserve 

strain and advantages as a vaccine. 

AU Ramirez J C; Gherardi M M; Esteban M 

CS Department of Molecular and Cellular Biology, Centre Nacional de 

Biotecnologia, CSIC, Campus Universidad Autonoma, 28049 Madrid, Spain. 
SO JOURNAL OF VIROLOGY, (2000 Jan) 74 (2) 923-33. 



1 

Journal code: KCV. ISSN: 0022-538X. 
CY United States 

DT Journal; Article; (JOURNAL ARTICLE) 
LA English 

FS Priority Journals; Cancer Journals 
EM 200004 
EW 20000402 

AB The modified vaccinia virus Ankara (MVA) 

strain is a candidate vector for vaccination against pathogens and tumors, 
due to safety concerns and the proven ability of recombinants based on 
this vector to trigger protection against pathogens in animals. In this 
study we addressed the fate of the MVA vector in BALB/c mice 
after intraperitoneal inoculation in comparison with that of the 
replication-competent Western Reserve (WR) strain by measuring levels of 
expression of the reporter luciferase gene, the capability to infect 
target tissues from the site of inoculation, and the length of time of 
virus persistence. We evaluated the extent of humoral and cellular 
immune responses induced against the virus antigens and a 
recombinant product (beta-galactosidase ) . We found that 
MVA infects the same target tissues as the WR strain; 

surprisingly, within 6 h postinoculation the levels of expression of 
antigens were higher in tissues from MVA-infected mice than in 
tissues from mice infected with wild-type virus but at later 
times postinoculation were 2 to 4 log units higher in tissues from 
WR-infected mice. In spite of this, antibodies and cellular immune 
responses to viral vector antigens were considerably lower in MVA 
-inoculated mice than in WR virus-inoculated mice. In contrast, 
the cellular immune response to a foreign antigen expressed from 
MVA was similar to and even higher than that triggered by the 
recombinant WR virus. MVA elicited a Thl type 

of immune response, and the main proinflammatory cytokines induced were 
interleukin-6 and tumor necrosis factor alpha. Our findings have defined 
the biological characteristics of MVA infection in tissues and 
the immune parameters activated in the course of virus 

infection. These results are of significance with respect to optimal use 
of MVA as a vaccine. 

L2 ANSWER 3 OF 63 CAPLUS COPYRIGHT 2000 ACS DUPLICATE 3 

AN 2000:84621 CAPLUS 

TI Induction of recombinant gene expression in stabily transfected 
cell lines using attenuated vaccinia virus MVA 

expressing T7 RNA polymerase with a nuclear localization signal 
AU Huemer, H. P.; Strobl, B.; Shida, H.; Czerny, C. P. 

CS Institute of Molecular Biology, Austrian Academy of Sciences, Salzburg, 
Austria 

SO J. Virol. Methods (2000), 85(1-2), 1-10 

CODEN: JVMEDH; ISSN: 0166-0934 
PB Elsevier Science B.V. 
DT Journal 
LA English 

AB There are major drawbacks using vaccinia virus (W) expressing 

T7 polymerase for eukaryotic expression. W is infectious for humans and 
due to cytosolic replication of Poxviridae, transient transfection of T7 
promoter contg. plasmids is necessary, which varies in efficiency. 
Several improvements have been introduced to this system to enhance 
expression of herpes viral glycoproteins. Stably transfected cell lines 
were generated with an EBV-based episomal plasmid vector which can be 
pushed to increasing copy nos . under selective pressure. The avirulent 
vaccine MVA strain was adopted to generate a safe lab. vector 
for inserting the bacteriophage T7 RNA polymerase gene with (+) or without 
(-)a nuclear localisation signal. Constructs were designed for 
recombination into the W haemagglutinin gene as recombinants could not be 
isolated successfully when inserting into the MVA thymidine 
kinase locus. Both T7 MVA recombinants induced foreign protein 
expression in transiently transfected cells but only the T7-/+ MVA 
induced target protein expression in stably transfected cells. The level 



of protein expression by this induction mechanism was comparable to, or 
superior to levels obtained withW recombinants expressing the gene under 
control of the W 11 k IE promoter. The results suggests that the T7+ 
MVA virus can be used to induce gene expression in 
stable recombinant cell lines and offers an attractive and safe 
alternative to other inducible eucaryotic expression systems. 

L2 ANSWER 4 OF 63 CAPLUS COPYRIGHT 2000 ACS 
AN 1999:224745 CAPLUS 
DN 130:251219 

TI Dengue virus antigens and treatment of dengue fever 

IN Drexler, Ingo; Sutter, Gerd; Cardosa, Mary Jane; Hooi, Tio Phaik 

PA Bavarian Nordic Research Institute A/S, Den.; GSF-Forschungszentrum Fur 

Umwelt Und Gesundheit G.m.b.H.; Universiti Malaysia Sarawak; Venture 

Technologies SDN BHD 
SO PCT Int. Appl., 34 pp. 

CODEN: PIXXD2 
DT Patent 
LA English 
FAN.CNT 1 

PATENT NO. KIND DATE APPLICATION NO. DATE 



PI WO 9915692 A2 19990401 WO 1998-EP6009 19980921 

WO 9915692 A3 19990624 
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PRAI MY 1997-9704411 19970923 

WO 1998-EP6009 19980921 
AB The authors disclose monoclonal antibodies recognizing antigenic epitopes 

capable of eliciting neutralizing antibodies which protect against 

infection by dengue viruses. The elicited neutralizing antibodies are not 

capable of enhancement of dengue virus infection. The 

protective antigenic epitopes were selected by phage display. In addn., 

the authors describe the construction of recombinant vaccinia 

virus vaccine (i.e., modified vaccinia virus 

Ankara [MVA] ) encoding for and capable of expressing 

dengue virus antigen. 



L2 ANSWER 5 OF 63 CAPLUS COPYRIGHT 2000 ACS 
AN 1999:127038 CAPLUS 
DN 130:178353 

TI Vaccine comprising a live recombinant non-replicating 
virus 

IN Small, Parker A., Jr.; Bender, Bradley Stephen; Meitin, Catherine Ann; 
Moss, Bernard 

PA University of Florida, USA; United States Dept. of Health and Human 

Services 
SO PCT Int. Appl., 57 pp. 

CODEN: PIXXD2 
DT Patent 
LA English 
FAN.CNT 1 

PATENT NO. KIND DATE APPLICATION NO. DATE 
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FR, 



GB, GR, IE, IT, LU, MC, NL, PT, SE, BF, BJ, CF, CG, CI, CM, GA, 
GN, ML, MR, NE, SN, TD, TG 
AU 9739100 Al 19990301 AU 1997-39100 19970805 

PRAI WO 1997-US13836 19970805 

AB The invention pertains to a novel recombinant vaccinia 
virus (or canary pox virus) vaccine for use in 

immunizing animals and humans against disease. The vaccine comprises a 
live vaccinia/canary pox virus or a replication deficient mutant 
virus capable of expressing a single or multiple heterologous 
genes or gene fragments. In a preferred embodiment, the 
recombinant virus is contained in an orally-administered 

package that will only dissolve in the host animal's gut. The invention 
also pertains to a method of inducing a broad protective immune response 
through the oral, intranasal, or other mucosal means of administration of 
the recombinant virus vaccine . 

L2 ANSWER 6 OF 63 MEDLINE DUPLICATE 4 

AN 1999329216 MEDLINE 
DN 99329216 

TI The H gene of rodent brain-adapted measles virus confers 

neurovirulence to the Edmonston vaccine strain. 
AU Duprex W P; Duffy I; McQuaid S; Hamill L; Cosby S L; Billeter M A; 

Schneider-Schaulies J; ter Meulen V; Rima B K 
CS School of Biology and Biochemistry, The Queen's University of Belfast, 

Belfast BT9 7BL, Northern Ireland, United Kingdom., p.duprex@qub.ac.uk 
SO JOURNAL OF VIROLOGY, (1999 Aug) 73 (8) 6916-22. 

Journal code: KCV. ISSN: 0022-538X. 
CY United States 

DT Journal; Article; (JOURNAL ARTICLE) 
LA English 

FS Priority Journals; Cancer Journals 
EM 199910 
EW 19991004 

AB Molecular determinants of neuropathogenesis have been shown to be present 
in the hemagglutinin (H) protein of measles virus (MV) . An H 
gene insertion vector has been generated from the Edmonston B vaccine 
full-length infectious clone of MV. Using this vector, it is possible to 
insert complete H open reading frames into the parental (Edtag) 
background. The H gene from a rodent brain-adapted MV strain (CAM/RB) was 
inserted into this vector, and a recombinant virus 
(EdtagCAMH) was rescued by using a modified vaccinia virus which 
expresses T7 RNA polymerase (MVA-T7) . The recombinant 
virus grew at an equivalent rate and to similar titers as the 
CAM/RB and Edtag parental viruses. Neurovirulence was assayed in a mouse 
model for MV encephalitis. Viruses were injected intracerebrally into the 
right cortex of C57/BL/6 suckling mice. After infection mice inoculated 
with the CAM/RB strain developed hind limb paralysis and ataxia. Clinical 
symptoms were never observed with an equivalent dose of Edtag 
virus or in sham infections. Immunohistochemistry (IHC) was used 
to detect viral antigen in formalin-fixed brain sections. Measles antigen 
was observed in neurons and neuronal processes of the hippocampus, 
frontal, temporal, and olfactory cortices and neostriatum on both sides of 
symmetrical structures. Viral antigen was not detected in mice infected 
with Edtag virus. Mice infected with the recombinant 
virus, EdtagCAMH, became clinically ill, and virus was 

detected by IHC in regions of the brain similar to those in which it was 
detected in animals infected with CAM/RB. The EdtagCAMH infection had, 
however, progressed much less than the CAM/RB virus at 4 days 
postinfection. It therefore appears that additional determinants are 
encoded in other regions of the MV genome which are required for full 
neurovirulence equivalent to CAM/RB. Nevertheless, replacement of the H 
gene alone is sufficient to cause neuropathology. 



L2 ANSWER 7 OF 63 MEDLINE DUPLICATE 5 

AN 1999446898 MEDLINE 
DN 99446898 



TI Modified vaccinia virus Ankara for delivery of human 

tyrosinase as melanoma-associated antigen: induction of tyrosinase- and 
melanoma-specific human leukocyte antigen A*0201-restricted cytotoxic T 
cells in vitro and in vivo. 

AU Drexler I; Antunes E; Schmitz M; Wolf el T; Ruber C; Erfle V; Rieber P; 
Theobald M; Sutter G 

CS GSF-Institute for Molecular Virology, Munich, Germany,, drexler@gsf.de 

SO CANCER RESEARCH, (1999 Oct 1) 59 (19) 4955-63. 
Journal code: CNF. ISSN: 0008-5472. 

CY United States 

DT Journal; Article; (JOURNAL ARTICLE) 
LA English 

FS Priority Journals; Cancer Journals 
EM 200001 
EW 20000104 

AB Vaccination with tumor-associated antigens is a promising approach for 
cancer immunotherapy. Because the majority of these antigens are normal 
self antigens, they may require suitable delivery systems to promote their 
immunogenicity , A recombinant vector based on the modified 
vaccinia virus Ankara (MVA) was used for 

expression of human tyrosinase, a melanoma-specific differentiation 
antigen, and evaluated for its efficacy as an antitumor vaccine. Stable 
recombinant viruses (MVA-hTyr) were constructed that 

have deleted the selection marker lacZ and efficiently expressed human 
tyrosinase in primary human cells and cell lines. Tyrosinase-specif ic 
human CTLs were activated in vitro by MVA-hTyr-inf ected, 
HLA-A*0201-positive human dendritic cells. Importantly, an efficient 
tyrosinase- and melanoma-specific CTL response was induced in vitro using 
MVA-hTyr-inf ected autologous dendritic cells as activators for 
peripheral blood mononuclear cells derived from HIiA-A*0201-positive 
melanoma patients despite prior vaccination against smallpox. Immunization 
of HLA-A*0201/Kb transgenic mice with MVA-hTyr induced 

A*0201-restricted CTLs specific for the human tyrosinase-derived peptide 
epitope 369-377. These in vivo primed CTLs were of sufficiently high 
avidity to recognize and lyse human melanoma cells, which present the 
endogenously processed tyrosinase peptide in the context of A* 0201. 
Tyrosinase-specif ic CTL responses were significantly augmented by repeated 
vaccination with MVA-hTyr. These findings demonstrate that 
HLA-restricted CTLs specific for human tumor-associated antigens can be 
efficiently generated by immunization with recombinant 
MVA vaccines. The results are an essential basis for MVA 
-based vaccination trials in cancer patients. 

L2 ANSWER 8 OF 63 SCISEARCH COPYRIGHT 2000 ISI (R) 

AN 1999:312701 SCISEARCH 

GA The Genuine Article (R) Number: 187BP 

TI Mucosal vaccination overcomes the barrier to recombinant 

vaccinia immunization caused by preexisting poxvirus immunity 
AU Belyakov I M; Moss B; Strober W; Berzofsky J A (Reprint) 

CS NCI, MOL IMMUNOGENET & VACCINE RES SECT, METAB BRANCH, NIH, BLDG 10, ROOM 
6B-12, BETHESDA, MD 20892 (Reprint); NCI, MOL IMMUNOGENET & VACCINE RES 
SECT, METAB BRANCH, NIH, BETHESDA, MD 20892; NIAID, VIRAL DIS LAB, NIH, 
BETHESDA, MD 20892; NIAID, MUCOSAL IMMUN SECT, CLIN INVEST LAB, NIH, 
BETHESDA, MD 20892 

CYA USA 

SO PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED STATES OF 
AMERICA, (13 APR 1999) Vol. 96, No. 8, pp. 4512-4517. 

Publisher: NATL ACAD SCIENCES, 2101 CONSTITUTION AVE NW, WASHINGTON, DC 
20418. 

ISSN: 0027-8424. 
DT Article; Journal 
FS LIFE 
LA English 

REC Reference Count: 28 

^ABSTRACT IS AVAILABLE IN THE ALL AND lALL FORMATS* 
AB Overcoming preexisting immunity to vaccinia virus in the 



adult population is a key requirement for development of otherwise potent 
recombinant vaccinia vaccines. Based on our observation that s.c. 
immunization with vaccinia induces cellular and antibody immunity to 
vaccinia only in systemic lymphoid tissue and not in mucosal sites, we 
hypothesized that the mucosal immune system remains naive to vaccinia and 
therefore amenable to immunization with recombinant vaccinia 
vectors despite earlier vaccinia exposure. We show that mucosal 
immunization of vaccinia-immune BALB/c mice with recombinant 
vaccinia expressing HIV gpl60 induced specific serum antibody and strong 
HIV-specific cytotoxic T lymphocyte responses. These responses occurred 
not only in mucosal but also in systemic lymphoid tissue, whereas systemic 
immunization was ineffective under these circumstances. In this context, 
intrarectal immunization was more effective than intranasal immunization. 
Boosting with a second dose of recombinant vaccinia was also 
more effective via the mucosal route. The systemic HIV-specific cytotoxic 
T lymphocyte response was enhanced by coadministration of IL-12 at the 
mucosal site. These results also demonstrate the independent 
compartmentalization of the mucosal versus systemic immune systems and the 
asymmetric trafficking of lymphocytes between them. This approach to 
circumvent previous vaccinia immunity may be useful for induction of 
protective immunity against infectious diseases and cancer in the sizable 
populations with preexisting immunity to vaccinia from smallpox 
vaccination . 

L2 ANSWER 9 OF 63 SCISEARCH COPYRIGHT 2000 ISI (R) 

AN 1999:755030 SCISEARCH 

GA The Genuine Article (R) Number: 241BZ 

TI A model for vaccinia virus pathogenesis and immunity based on 

intradermal injection of mouse ear pinnae 
AU Tscharke D C; Smith G L (Reprint) 

CS UNIV OXFORD, SIR WILLIAM DUNN SCH PATHOL, S PARKS RD, OXFORD 0X1 3RE, 

ENGLAND (Reprint); UNIV OXFORD, SIR WILLIAM DUNN SCH PATHOL, OXFORD 0X1 
3RE, ENGLAND 

CYA ENGLAND 

SO JOURNAL OF GENERAL VIROLOGY, (OCT 1999) Vol. 80, Part 10, pp. 2751-2755. 

Publisher: SOC GENERAL MICROBIOLOGY, MARLBOROUGH HOUSE, BASINGSTOKE RD, 

SPENCERS WOODS, READING RG7 lAE, BERKS, ENGLAND. 

ISSN: 0022-1317. 
DT Article; Journal 
FS LIFE 
LA English 

REC Reference Count: 17 

^ABSTRACT IS AVAILABLE IN THE ALL AND lALL FORMATS* 

AB Vaccinia virus (W) proteins that interfere with the host 

response to infection are of interest because they provide insight into 

virus-host relationships and may affect the safety and 

immunogenicity of recombinant W (rW) vaccines. Such vaccines 

need assessment in animal models and with this aim a model of W infection 

based on intradermal injection of BALB/c ear pinnae was developed and 

characterized. In this model, the outcome of infection is affected by the 

dose of virus inoculated but virus spread is minimal 

and the mice suffer no signs of systemic illness. Cellular and humoral 
immune responses to these infections were measured readily and were 
independent of virus dose over a 100-fold range. Thus the model 
seems suitable for the analysis of the safety and immunogenicity of W 
mutants lacking specific immunomodulatory proteins or bearing foreign 
antigens . 

L2 ANSWER 10 OF 63 CAPLUS COPYRIGHT 2000 ACS 
AN 1999:614625 CAPLUS 
DN 132:769 

TI Endothelial cell DNA transfer and expression using petri dish 
electroporation and the nonreplicating vaccinia virus/T7 RNA 
polymerase hybrid system 

AU Lewis, E. W.; Rudo, T. J.; John, M. A. Rahman St.; Chu, J. L. ; Heinze, A. 
W.; Howard, B. H,; Engleka, K. A. 

CS Department of Physiology, Jefferson Medical College, Thomas Jefferson 



University, Philadelphia, PA, 19107-6799, USA 
SO Gene Ther. (1999), 6(9), 1617-1625 

CODEN: GETHEC; ISSN: 0969-7128 
PB Stockton Press 
DT Journal 
LA English 

AB The nonreplicating vaccinia virus MVA/T7 RNA 

polymerase hybrid system was tested with Petri dish electroporation for 
ectopic gene expression in human umbilical vein endothelial cells 
(HUVECs) . A range of voltages (150-450 V), pulse times (10-40 ms), DNA 
concns. (0-20 .mu.g/mL) and infection levels (0-15 multiplicities of 
infection) were tested for effects on T7 promoter-directed chloramphenicol 
acetyltransf erase (CAT) activity after M7A/T7RP infection. 
MVA/T7RP-directed expression was transient and at least 
10,000-fold in excess of nonviral, cytomegalovirus enhancer-directed 
expression. Use of a Petri dish electrode with the MVA/T7RP 
system showed increased viability compared with a cuvette electrode. 
Overexpression of interleukin-2 alpha subunit ( IL2R. alpha . ) protein 
followed by anti-IL2R. alpha . -directed magnetic immunoaf f inity cell sorting 
allowed isolation of the transfected population. The high fidelity of 
cellular sorting was shown by segregation of CAT activity in the 
IL2R. alpha. -sorted population after transfection of T7 promoter-directed 
bicistronic IL2R. alpha , /CAT DNA. Expression of a panel of proteins 
including the fluorophore green fluorescent protein as detected by 
fluorescence microscopy and p21cipl, p27kipl, pp60c-src, FGF-1, pRb, pl07 
and pRb2/pl30 proteins was also achieved. Thus, use of the nonreplicating 
vaccinia virus/T7 RNA polymerase expression system with Petri 
dish electroporation is feasible for certain applications for the 
manipulation of HUVECs by gene transfer. 

L2 ANSWER 11 OF 63 MEDLINE DUPLICATE 6 

AN 1999246333 MEDLINE 
DN 99246333 

TI Comparison of the immunogenicity and efficacy of a replication-defective 
vaccinia virus expressing antigens of human parainfluenza 
virus type 3 (HPIV3) with those of a live attenuated HPIV3 vaccine 
candidate in rhesus monkeys passively immunized with PIV3 antibodies. 

AU Durbin A P; Cho C J; Elkins W R; Wyatt L S; Moss B; Murphy B R 

CS Laboratory of Infectious Diseases, National Institute of Allergy and 
Infectious Diseases, National Institutes of Health, Bethesda, MD 
20892-0720, USA., adurbin@nih.gov 

SO JOURNAL OF INFECTIOUS DISEASES, (1999 Jun) 179 (6) 1345-51. 
Journal code: IH3. ISSN: 0022-1899. 

CY United States 

DT Journal; Article; (JOURNAL ARTICLE) 
LA English 

FS Abridged Index Medicus Journals; Priority Journals 
EM 199908 
EW 19990804 

AB Two parainfluenza virus type 3 (PIV3) vaccine candidates-cp45, a 
live attenuated derivative of the JS wild type (wt) , and a 
replication-defective vaccinia virus recoihbinant 

expressing the hemagglutinin-neuraminidase or fusion glycoprotein of human 
PIV3 (modified vaccinia virus Ankara [MVA 

] /PIV3 recombinants ) -were evaluated in rhesus monkeys to determine whether 
successful immunization could be achieved in the presence of passively 
transferred PIV3 antibodies. The cp45 virus, administered 

intranasally (in) and intratracheally (it) in the presence of high levels 
of PIV3 antibodies, replicated efficiently in the nasopharynx and 
protected against challenge with wt human PIV3. The MVA 

recombinants, administered in, it, and intramuscularly in the absence of 
passive antibody, conferred protection against replication of PIV3 wt 
challenge virus, but this was largely abrogated when 

immunization occurred in the presence of passive antibodies. Because 
immunization for the prevention of HPIV3 disease must occur in early 
infancy when maternal antibodies are present, the live attenuated cp45 



virus continues to be a promising vaccine candidate for this age 
group. 

L2 ANSWER 12 OF 63 CAPLUS COPYRIGHT 2000 ACS DUPLICATE 7 

AN 2000:40012 CAPLUS 

TI New prospects for the development of a vaccine against human 

immunodeficiency virus type 1. An overview 
AU Girard, Marc; Habel, Andre; Chanel, Chantal 

CS Unite de virologie moleculaire, departement de virologie. Institut 

Pasteur, Paris, 75015, Fr. 
SO C. R. Acad. Sci., Ser. Ill (1999), 322(11), 959-966 

CODEN: CRASEV; ISSN: 0764-4469 
PB Editions Scientif iques et Medicales Elsevier 
DT Journal 
LA English 

AB During the past few years, definite progress has been made in the field of 
human immunodeficiency virus type 1 (HIV-1) vaccines. Initial 
attempts using envelope gp 120 or gp 140 from T-cell line-adapted (TOLA) 
HIV-1 strains to vaccinate chimpanzees showed that neutralizing 
antibody-based immune responses were protective against challenge with 
homologous TOLA virus strains or strains with low replicative 
capacity, but these neutralizing antibodies remained inactive when tested 
on primary HIV-1 isolates, casting doubts on the efficacy of gpl20-based 
vaccines in the natural setting. Development of a live attenuated simian 
immunodeficiency virus (SIV) vaccine was undertaken in the 
macaque model using whole live SIV bearing multiple deletions in the nef , 
vpr and vpx genes. This vaccine provided remarkable protective efficacy 
against wild-type SIV challenge, but the deletion mutants remain 
pathogenic, notably in neonate monkeys. Study of the mechanisms of 
protection in the SIV model unravelled the importance of the T-cell 
responses, whether in the form of cytotoxic T-lymphocyte (CTL) killing 
activity, or in that of antiviral factor secretion of cytokines, 
.beta.-chemokines and other unidentified antiviral factors by CD8+ 
T-cells. Induction of such a response is being sought at this time using 
various live recombinant virus vaccines, either 

poxvirus or alphavirus vectors or DNA vectors, which can be combined 
together or with a gpl20/gpl40 boost in various prime-boost combination 
strategies. New vectors include attenuated vaccinia virus 
NYVAC, modified vaccinia strain Ankara (MVA) , Semliki 
Forest virus, Venezuelan equine encephalitis virus, 

and Salmonellas. Recent DNA prime-poxvirus boost combination regimens 
have generated promising protection results against SIV or SIV/HIV (SHIV) 
challenge in macaque models. Emphasis is also put on the induction of a 
mucosal immune response, involving both a secretory IgA response and a 
mucosal CTL response which could constitute a "first line of defense" in 
the vaccinated host. Finally, a totally novel vaccine approach based on 
the use of Tat or Tat and Rev antigens has been shown to induce efficient 
protection from challenge with pathogenic SIV or SHIV in vaccinated 
macaques. The only vaccine in phase 3 clin. trials in human volunteers is 
a gpl20-based vaccine, AIDSVAX. A prime-boost combination of a 
recombinant canarypoxvirus and a subunit gpl20 vaccine is in phase 
2. Emphasis has been put recently on the necessity of testing prototype 
vaccines in developing countries using immunogens derived from local 
virus strains. Trial sites have thus been identified in Kenya, 
Uganda, Thailand and South Africa where phase I trials have begun or are 
expected to start presently. 
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AB In influenza and malaria, CD8+ T cells play an important role in 

protective immunity in mice. An immunization strategy consisting of DNA 
priming followed by boosting with recombinant modified vaccinia 
virus Ankara (MVA) induces complete 

protection, associated with high levels of CD8+ T cells, against 
Plasmodium berghei sporozoite challenge in mice. Intradermal delivery of 
DNA with a gene gun requires smaller amounts of DNA than intramuscular 
injection, in order to induce similar levels of immune responses. The 
present study compares both routes for the induction of specific CD8+ T 
cell responses and protection using different prime-boost immunization 
regimes in the influenza and the malaria models. In the DNA/MVA 
regime, equally high CD8+ T cell responses and levels of protection are 
achieved using ten times less DNA when delivered with a gene gun compared 
to intramuscular injection, 
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AB Reliable and effective induction of T-lymphocytes (CTL) is one of the 
prime objectives of vaccine research. Previously, novel HIV vaccine 
candidates were constructed as a string of CTL epitopes (20 human, 3 
macaque and 1 mouse) delivered using a DNA vector [Hanke T, Schneider J, 
Gilbert SG, Hill AVS, McMichael A. DNA multi-CTL epitope vaccines for HIV 
and Plasmodium falciparum: immunogenicity in mice. Vaccine 
1998;16:426-435.] or modified vaccinia Ankara (MVA 

[Hanke T, Blanchard TJ, Schneider J, Ogg GS, Tan R, Becker MSC, Gilbert 
SG, Hill AVS, Smith GL, McMichael A. Immunogenicities of intravenous and 
intramuscular administrations of MVA-based multi-CTL epitope 
vaccine for HIV in mice. J Gen Virol 1998;79:83-90.]), i.e. vaccine 
vehicles acceptable for use in humans. In mice, a single intramuscular 
(i.m.) needle injection of either vaccine alone elicited good CTL 
responses. Here, it is demonstrated that the multi-epitope DNA also 
induced CTL when delivered intradermally using the Accell.RTM. gene gun. 
The CTL responses increased after re-immunization and after three 
deliveries were comparable to those induced by a single i.m. injection. 
Recent evidence indicates that combining routes and vaccine vehicles 
enhances the immunogenicity of vaccine-delivered or - encoded antigens. 
Here, it is shown that administration of DNA by an i.m. priming/gene gun 
boosting more efficiently induced CTL than gene gun priming/i.m. boosting. 
A similar increment was obtained by sequential vaccinations using a gene 
gun-delivered DNA followed by recombinant MVA. Thus 



particular sequences of routes or vaccine vehicles rather than simple 
prime- boost delivery of a single vaccine is critical for an effective 
elicitation of CTL. 
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AB To identify a good system to introduce foreign genes into normal and 

tumoral astrocytes, we studied the efficiency of two chemical methods, 
calcium phosphate precipitation and lipofection, and of a viral-mediated 
transfer by a vector derived from the highly attenuated modified vaccinia 
virus Ankara (MVA) . Using the 

beta-galactosidase (beta-gal) gene (lacZ) as reporter, we searched for 
optimal experimental conditions to obtain an efficient gene transfer into 
human embryonic and neonatal rat astrocytes and into a human astrocytoma 
cell line (U373 MG) . The beta-gal protein production was evaluated by 
cytochemical staining and enzymatic activity assay. Among chemical 
methods, lipofection was the most efficient system to transfect astrocytes 
in providing up to 60% of beta-gal-positive cells in all the cell types 
analyzed. MVA infection also proved to be an efficient system to 
introduce heterologous genes into human embryonic astrocytes that appeared 
80-100% positive 48-96 hr after an infection at a multiplicity of 1-10. In 
contrast, only a limited infection was observed with rat astrocytes, human 
astrocytoma cells, and human leptomeningeal cells. A recombinant 
MVA vector expressing the human immunodeficiency virus-1 
(HIV-1) regulatory protein Nef was used to transfect human embryonic 
astrocytes, and the resulting Nef expression was compared with that 
detected after lipofection in the same cells. By Western blot analysis, 
Nef expression was observed in human astrocytes 24-96 hr after infection 
and was similar to that present in stably HIV-l-inf ected astrocytoma 
cells. Lipofection resulted in lower Nef expression. In spite of these 
promising results, the negative effects of MVA infection on cell 
viability and the possibility that a productive infection occurs in human 
embryonic astrocytes limit the use of this vector for gene delivery in 
developmentally immature human glial cells. 
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AB Intranasal and intramuscular immunizations of mice with the highly 
attenuated MVA strain of vaccinia virus expressing the 
respiratory syncytial virus (RSV) F or G glycoprotein induced 
higher RSV antibody titers than those achieved by infection with RSV and 
greatly restricted the replication of RS challenge virus in both 
the upper and lower respiratory tracts. In addition, a recombinant 
MVA expressing both RSV F and G was stable and was as immunogenic 
as a combination of two single recombinant viruses. The levels 
of antibodies to RSV F and G, induced by previous intranasal infection 
with attenuated RSV, were boosted by intramuscular immunization with 
recombinant MVA. These data support further development 
of recombinant MVA as a RSV vaccine. 
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Virus Ankara; comparisons and combinations . 
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AB Three types of vaccine, all expressing the same antigen from Plasmodium 
berghei, or a CD8+ T cell epitope from that antigen, were compared for 
their ability to induce CD8+ T cell responses in mice. Higher levels of 
lysis and numbers of IFN-gamma secreting T cells were primed with Ty 
virus-like particles and Modified Vaccinia Virus 
Ankara (MVA) than with DNA vaccines, but none of the 

vaccines were able to protect immunised mice from infectious challenge 
even after repeated doses. However, when the immune response was primed 
with one type of vaccine (Ty-VLPs or DNA) and boosted with another { 
MVA) complete protection against infection was achieved. 

Protection correlated with very high levels of IFN-gamma secreting T cells 
and lysis. This method of vaccination uses delivery systems and routes 
that can be used in humans and could provide a generally applicable regime 
for the induction of high levels of CD8+ T cells. 
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AB Genes encoding the glycosylated precursor of the membrane (prM) and 
envelope (E) proteins of a Korean strain of Japanese encephalitis 
virus (JEV) were inserted into the genome of the host-range 



restricted, highly attenuated, and safety-tested MVA strain of 

vaccinia virus. MVA recombinants containing the JEV 

genes, under strong synthetic or modified H5 vaccinia virus 

promoters, were isolated. Synthesis of JEV prM and E proteins was detected 

by immunofluorescence microscopy, flow cytometry, and polyacrylamide gel 

electrophoresis. Mice inoculated and boosted by various routes with either 

of the MVA recombinants produced JEV neutralizing antibodies, 

that had titres comparable with those induced by an inactivated JEV 

vaccine, as well as haemagglutination-inhibiting antibodies. Mice 

immunized with 2x 106 infectious units of MVA/JEV recombinants 

by intramuscular or intraperitoneal routes were completely protected 

against a 105 LD50 JEV challenge at 9 weeks of age. 
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AB We used several approaches to develop enhanced vaccines for chronic 

viral infections such as human immunodeficiency virus (HIV) and 
hepatitis C virus (HCV) . 1) Selected epitopes were used to avoid 
potentially harmful immune responses. 2) Linkage between helper and 
cytotoxic T-lymphocyte (CTL) epitopes was found to be important. 3) We 
developed an epitope enhancement'' approach modifying the sequences of 
epitopes to make more potent vaccines, including examples for HIV and HCV 
epitopes presented by murine class II and human class I major 
histocompatibility complex (MHC) molecules. 4) CTL avidity was found to be 
important for clearing viral infections in vivo, and the mechanism was 
examined. High-avidity CTLs, however, were found to undergo apoptosis when 
confronted with high-density antigen, through a mechanism involving tumor 
necrosis factor (TNF) , TNF-RII, and a permissive state induced through the 
T-cell receptor. 5) We employed cytokines in the adjuvant to steer immune 
responses toward desired phenotypes, and showed synergy between cytokines. 
6) Intrarectal immunization with peptide vaccine induced mucosal and 
systemic CTL. Local mucosal CTL were found to be critical for resistance 
to mucosal viral transmission and this resistance was enhanced with 
mucosally delivered interleukin-12 . 7) We used an asymmetry in induction 
of mucosal and systemic immune responses to circumvent pre-existing 
vaccinia immunity for use of recombinant vaccinia vaccines. 
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AB A non-human primate model for acquired immunodeficiency syndrome (AIDS), 
the simian immunodeficiency virus (SIV) -infected rhesus monkey, 
was used to explore the role of the AIDS vims-specific 

cytotoxic T-lymphocyte (CTL) response in disease pathogenesis. This CTL 
response was measured using the major histocompatibility complex (MHC) 
class I/peptide tetramer technology. Large numbers of tetramer-binding 
CD8+ T lymphocytes were demonstrable not only in the peripheral blood, but 
in lymph nodes and even in semen of chronically SIV-infected monkeys. The 
central role of these effector T lymphocytes in containing SIV spread 
during primary infection was demonstrated by showing that early SIV 
clearance during primary infection correlated with the emergence of the 
tetramer binding CD8+ T lymphocytes and that in vivo depletion of CD8+ 
lymphocytes eliminated the ability of the infected monkeys to contain SIV 
replication. These observations suggest that an effective AIDS vaccine 
should elicit a potent virus-specif ic CTL response. In fact, a 
live, recombinant SIV vaccine constructed using the attenuated 
pox virus vector modified vaccinia Ankara (MVA 

) elicited a high-frequency CTL response, comparable in magnitude to that 
elicited by SIV infection itself. This suggests that vaccine modalities 
such as MVA may prove useful in creating an effective human 
immunodeficiency virus (HIV) vaccine. These studies also 

indicate the power of both the SIV/macaque model and MHC class I/peptide 
tetramers for assessing AIDS vaccine strategies. 
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AB To reduce the risk of vaccine virus dissemination, MVA 
(modified vaccinia virus Ankara) was derived for use 

as a smallpox vaccine by repeated passaging in chicken embryo fibroblasts. 

Six major deletions in the genome, resulting in the loss of 30,000 base 

pairs, made MVA replication deficient in most mammalian cell 

lines, BALB/c mice were intrarectally (IR) immunized with 

recombinant MVA expressing the env gene of HIV-1 strain 

89.6. As a control we used a wild type recombinant vaccinia 

virus (vBD3) expressing the same protein. A single mucosal 

immunization with either strain of recombinant vaccinia 

virus (MVA 89.6 or vBD3) was able to elicit 

antigen-specific mucosal and systemic CTL responses. In mucosal sites, 
vBD3 virus was able to induce a Peyer's patch (PP) CTL response 
only, whereas recombinant MVA elicited both 

HIV-specific PP and lamina propria CTL responses. The level of the PP CTL 

responses after IR immunization with a replication-deficient 

recombinant vaccinia virus was significantly higher than 

after mucosal ' immunization with wild type recombinant 

virus. Intraperitoneal immunization induced antigen-specific CTL 

responses in PP only after inoculation with recombinant 

MVA virus, not vBD3 virus. 89 . 6-specif ic CTL 



crossreacted with the corresponding epitope from HIV-1 MN and not that 
from HIV-1 IIIB. This replication-deficient recombinant modified 
vaccinia virus may be safer and at least as effective for 
mucosal immunization as conventional recombinant vaccinia 
virus . 
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AB New methods and reagents for vaccination are described which generate a 
CDS T cell immune response against malarial and other antigens such as 
viral and tumor antigens. These studies have provided clear evidence that 
a novel sequential immunization regime employing a non-replicating pox 
virus as a boost is capable of inducing a strong protective CD8+ T 
cell response against the malaria parasite. The crit. step in this 
vaccination regimen is the use of non-replicating or replication-impaired 
recombinant poxviruses to boost a pre-existing cytotoxic T 
lymphocyte response. This response can be primed using different antigen 
delivery systems such as a DNA vaccine, a recombinant Ty 
virus-like particle, a recombinant adenovirus and 

irradiated sporozoites. Importantly, this immunization regiment is also 
demonstrated to be highly immunogenic for CD8+ T cells in primates. In 
factstron SIV-gag-specif ic cytotoxic T lymphocyte response were induced in 
3 out of 3 macaques with both plasmid DNA and MVA expressing 
epitope strings. Higher primates such as chimpanzees were also protected 
in the same way. 
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AB Recombinant MVA viruses contg. and/or capable of 

expressing dengue virus antigens and the use of such 

recombinant MVA for vaccination are claimed. The 

antigens correspond to the dengue glycoproteins E, preE, and NSl. Thus, 
vaccines can be prepd. from recombinant MVA encoding 
antigens for all dengue serotypes (1-4) . MVA vectors also 
contain vaccinia virus early/late promoter P7.5 and encode phage 
T7 RNA polymerase. The vaccine can be used for the treatment or 
prevention of dengue virus infection. 
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AB The utility of modified vaccinia virus Ankara ( 

MVA) as a vector for eliciting AIDS virus-specific 

cytotoxic T lymphocytes (CTL) was explored in the simian immunodeficiency 
virus (SIV) /rhesus monkey model. After two intramuscular 
immunizations with recombinant MVA-SIVSM gag pol, the 

monkeys developed a Gag epitope-specif ic CTL response readily detected in 
peripheral blood lymphocytes by using a functional killing assay. 
Moreover, those immunizations also elicited a population of CD8+ T 
lymphocytes in the peripheral blood that bound a specific major 
histocompatibility complex class I/peptide tetramer. These Gag 
epitope-specific CD8+ T lymphocytes also were demonstrated by using both 
functional and tetramer-binding assays in lymph nodes of the immunized 
monkeys. These observations suggest that MVA may prove a useful 
vector for an HIV-1 vaccine. They also suggest that tetramer staining may 



be a useful technology for monitoring CTL generation in vaccine trials in 
nonhuman primates and in humans . 
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AB To improve the safety of recombinant vaccinia virus 
vaccines, modified vaccinia virus Ankara (MVA 

) has been employed, because it has a replication defect in most mammalian 
cells. Here we apply MVA to human immunodeficiency virus 

type 1 (HIV-1) vaccine development by incorporating the envelope protein 
gpl60 of HIV-1 primary isolate strain 89.6 (MVA 89.6) and use it 
to induce mucosal cytotoxic-T-lymphocyte (CTL) immunity. In initial 
studies to define a dominant CTL epitope for HIV-1 89.6 gpl60, we mapped 
the epitope to a sequence, IGPGRAFYAR (from the V3 loop), homologous to 
that recognized by HIV MN loop-specific CTL and showed that HIV-1 
MN-specific CTLs cross-reactively recognize the corresponding epitope from 
strain 89.6 presented by H-2Dd. Having defined the CTL specificity, we 
immunized BALB/c mice intrarectally with recombinant MVA 
89.6. A single mucosal immunization with MVA 89.6 was able to 
elicit long-lasting antigen-specific mucosal (Peyer's patch and lamina 
propria) and systemic (spleen) CTL responses as effective as or more 
effective than those of a replication-competent vaccinia virus 
expressing 89.6 gpl60. Immunization with MVA 89.6 led to (i) the 
loading of antigen-presenting cells in vivo, as measured by the ex vivo 
active presentation of the P18-89.6 peptide to an antigen-specific CTL 
line, and (ii) the significant production of the proinflammatory cytokines 
(interleukin-6 and tumor necrosis factor alpha) in the mucosal sites. 
These results indicate that nonreplicating recombinant 
MVA may be at least as effective for mucosal immunization as 
replicating recombinant vaccinia virus. 
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AB The desirability of inducing cytotoxic T cell responses to defined 
epitopes in humans has led to the development of a variety of 
recombinant delivery systems. Recombinant protein 

particles derived from a yeast retrotransposon (Ty) and the modified 
Ankara vaccinia (MVA) virus can deliver large 

epitope strings or even whole proteins. Both have previously been 
administered safely in humans. Immunization with recombinant Ty 
and MVA containing a single Plasmodium berghei class I-binding 
epitope provided 95% sterile protection against malaria in mice. The 
sequence of immunization, Ty followed by MVA, was critical to 
elicit high levels of IFN-gamma-producing cells and protection. The 
reciprocal sequence (MVA/TY) or homologous boosting was not 
protective. Both constructs (Ty and MVA) contain the 

H-2Kd-restricted pb9 CTL epitope from the circumsporozoite protein of P. 
berghei among a string of 8-15 human P. f alciparum-derived CTL epitopes 
restricted through 7 common HLA alleles as well as widely recognized CD4 T 
cell epitopes. Thus, the novel recombinant Ty/MVA 

prime/boost combination with these constructs provides a safe alternative 
for evaluation for human vaccination against P. falciparum malaria. 
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AB Immunization of rhesus monkeys with modified vaccinia Ankara ( 

MVA) recombinants expressing the haemagglutinin-neuraminidase (HN) 
or fusion (F) glycoproteins of human parainfluenza virus type 3 
(HPIV3) was compared with an intranasallyadministered live, attenuated 
HPIV3 vaccine candidate, the cp45 derivative of the JS strain of wildtype 
HPIV3. The MVA recombinants, when given parenterally (i.m.) or 
as a parenteral-local (i.m. and i.t.) combination, induced an antibody 
response comparable to that of cp45 and protected the upper and lower 
respiratory tracts of the rhesus monkeys against challenge with wildtype 
HPIV3. When given by the i.n. route alone, the MVA/PIV3 

recombinants induced a serum antibody response that was comparable to that 
of cp45 and induced resistance in the lower respiratory tract. Despite the 
ability of the intranasally-administered MVA/PIV3 recombinants 
to stimulate a good serological response and to protect the lower 
respiratory tract, they unexpectedly failed to induce a significant level 
of resistance in the upper respiratory tract. The live, attenuated 
virus vaccine candidate induced almost complete resistance in both 
the upper and lower tracts. The data thus identify two vaccine candidates 
that can protect both the upper and lower respiratory tracts of rhesus 
monkey, parenterally-administered MVA/PIV3 and 

intranasally-administered cp45. Further studies with these vaccines in 
non-human primates and humans should identify the relative merits of these 
immunogens for use in the very young infant. 
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AB 3-beta-Hydroxysteroid dehydrogenase (3-beta-HSD) activity coded for by the 
A44L gene of vaccinia virus (W) was demonstrated in CV-1 
cultures infected by all five W strains tested, viz. WR, Praha 
virus, DRYVAX Wyeth-derived virus (DD) , LI VP and 
MVA. Deletion of the A44L gene in two Praha virus 

-derived clones (the moderately virulent P13 and the highly attenuated 
P20), the WR and DD viruses resulted in absence of 3-beta-HSD activity 
from infected cultures. The virulence for mice of P13 was not affected, 
and that of WR was only slightly decreased, by the A44L gene deletion. 
Recombinant Ws expressing either varicella-zoster virus 
glycoprotein E (VZV-gE) or hepatitis B virus preS2-S protein 
(HBV-preS2-S) and their respective A44L deleted mutants were used in 
immunogenicity tests in mice. In terms of antibody response to W and the 
recombinant proteins, the deletion resulted in a lowering the 
immunogenicity in the moderately virulent clone P13 virus and 
its progenies. In the highly attenuated P20 and DD viruses and their 
progenies no effects were apparent. 
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AB Modified virus Ankara (MVA) is a vaccinia 

virus (W) strain that was attenuated by serial passage through 

chick embryo fibroblasts (CEFs) and contains six large genomic deletions 

compared with parental virus. MVA replicates well in 

CEFs, but poorly in most mammalian cells. Recombinant 

MVA is a promising human vaccine candidate due to its restricted 

host range, immunogenicity and avirulence in animal models, and excellent 

safety record as a smallpox vaccine. Here we present a further 

characterization of MVA and demonstrate that: (i) MVA 

can replicate, albeit poorly, in transformed human cell lines, but not in 
primary human fibroblasts although there is limited cell-to-cell spread; 
(ii) MVA is a potent inducer of type I interferon (IFN) from 
primary human cells, which may restrict virus spread in vivo; 
and (iii) unlike other W strains, MVA does not express soluble 
receptors for IFN-gamma, IFN-alpha/beta, tumour necrosis factor and CC 
chemokines, but does express a soluble interleukin-lbeta receptor. This 



provides a plausible and testable explanation for the good immunogenicity 
of MVA despite its poor replication in mammals. The implications 
of these findings for the use of MVA as a safe and immunogenic 
human vaccine candidate are discussed. 
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AB Recombinant vaccinia viruses based on the highly attenuated 
Modified Vaccinia Ankara (MVA) strain expressing HIV-1 
antigen genes were constructed by a novel procedure involving the 
transient use of two marker genes. The selectable markers used, the 
Escherichia coli guanine phosphoribosyltransf erase (gpt) and the 
beta-galactosidase (lacZ) genes, are not retained within the final 
recombinant virus. The transient marker stabilisation 
(TMS) procedure allows the generation of marker-free recombinant 
viruses in a series of simple plaque purification steps. HIV-1 gag pol 
genes were inserted into two loci of vaccinia MVA demonstrating 
the efficiency of the procedure. 
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AB Immunization with irradiated sporozoites can protect against malaria 

infection and intensive efforts are aimed at reproducing this effect with 
subunit vaccines. A particular sequence of subunit immunization with 
pre-erythrocytic antigens of Plasmodium berghei, consisting of single dose 
priming with plasmid DNA followed by a single boost with a 
recombinant modified vaccinia virus Ankara ( 

MVA) expressing the same antigen, induced unprecedented complete 
protection against P. berghei sporozoite challenge in two strains of mice. 
Protection was associated with very high levels of splenic 

peptide-specific interf eron-gamma-secreting CD8+ T cells and was abrogated 
when the order of immunization was reversed. DNA priming followed by 
MVA boosting may provide a general immunization regime for 
induction of high levels of CD8+ T cells. 
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AB In a search for means to deliver exogenous gene(s) into human dendritic 
cells (DCs) from the perspective of tumor-specific vaccination, we have 
evaluated two recoihbinant viruses, both of which carry a 
reporter gene which is namely a modified vaccinia virus 
Ankara (MVA) and an adenovirus, as possible expression 
vectors. The recombinant MVA-Pll LZ vector carries the 

Escherichia coli lacZ gene coding for the enzyme beta-galactosidase, and 
the recombinant Ad-MFG-AP vector carries a modified 

membrane-exposed alkaline phosphatase (AP) gene. DCs were generated ex 
vivo in the presence of tumor necrosis factor-alpha, granulocyte 
macrophage colony-stimulating factor, stem cell factor, and flk-2/flt-3 
ligand taken from CD34+ hematopoietic progenitors that were mobilized into 
the peripheral blood of cancer patients treated with high-dose 
cyclophosphamide and filgrastim. The target cells used for gene delivery 
were either CD34+ cells that had been subsequently induced to 
differentiate into mature DCs or DCs transduced after ex vivo generation 
from CD34+ cells. The results showed that: (a) infection of CD34+ cell 
derived-DCs (mature DCs) with either viral vector resulted in the 
efficient synthesis of recombinant protein, and (b) CD34+ cells 
were permissive for the expression of the recombinant reporter 
gene after infection with Ad-MFG-AP but not after infection with 
MVA-Pll LZ. In conclusion, these results suggest that vaccinia and 
adenovirus vectors are candidate to act as vehicles in genetically 
engineering human DCs. 
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AB Although desirable for safety reasons, the host range restrictions of 
modified vaccinia virus Ankara (MVA) make it 

less applicable for general use. Propagation in primary chicken embryo 
fibroblasts (CEF) requires particular cell culture experience and has no 
pre-established record of tissue culture reproducibility. We investigated 
a variety of established cell lines for productive virus growth 



and recombinant gene expression. Baby hamster kidney cells 
(BHK) , a well-characterized, easily maintained cell line, supported 
MVA growth and as proficient expression of the E. coli lacZ 
reporter gene as the highly efficient CEF, whereas other cell lines were 
non-permissive or allowed only very limited MVA replication. 
Importantly, no virus production occurred in patient-derived 
infected primary human cells. These results emphasize the safety and now 
improved accessibility of MVA for the development of expression 
vectors and live recoihbinant vaccines . 
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AB The severely attenuated and host range (HR) restricted modified vaccinia 
virus Ankara (MVA) was derived by >500 

passages in chick embryo fibroblasts, during which multiple deletions and 
mutations occurred. To determine the basis of the HR defect, we prepared 
cosmids from the parental vaccinia virus Ankara genome 

and transfected them into nonpermissive monkey BS-C-1 cells that had been 
infected with MVA. Recombinant viruses that formed 

macroscopic plaques were detected after transf ections with DNA segments 
that mapped near the left end of the viral genome. Plaque- forming viruses, 
generated by trans f ections with four individual cosmids and one pair of 
minimally overlapping cosmids, were purified, and their HRs were evaluated 
in BS-C-1 cells, rabbit RK-13 cells, and human HeLa, MRC-5, and A549 
cells. The acquisition of the KIL and SPI-1 HR genes and the repair of 
large deletions were determined by polymerase chain reaction or 
pulse-field gel electrophoresis of NotI restriction enzyme digests of 
genomic DNA. The following results indicated the presence of previously 
unrecognized vaccinia virus HR genes: (1) the major mutations 
that restrict HR are within the left end of the MVA genome 
because the phenotypes of some recombinants approached that of the 
parental virus, (2) acquisition of the KIL gene correlated with 
the ability of recombinant viruses to propagate in RK-13 cells 
but did not enhance replication in human or monkey cell lines, (3) 
acquisition of the SPI-1 gene correlated with virus propagation 
in A549 cells but not with the extent of virus spread in monkey 
or other human cell lines, (4) there are at least two impaired HR genes 
because rescue occurred with nonoverlapping or minimally overlapping 
cosmids and recombinant viruses with intermediate HRs were 
isolated, and (5) at least one of the new HR genes did not map within any 
of the major deletions because the size of the left terminal NotI fragment 
was not appreciably altered in some recoxnbinant viruses. 
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AB Components of the eukaryotic vaccinia virus/T7 RNA polymerase 
hybrid expression system were assessed using recombinant and 
nonrecombinant forms of modified vaccinia Ankara (MVA 
), a replication-deficient vaccinia virus strain. 
Recombinant MVA virus expressing T7 RNA 

polymerase (Wyatt, L. S., Moss, B., and Rozenblatt, S. (1995). Virology 
210, 202-205) stimulated high levels of expression from a T7 
promoter-chloramphenicol acetyltransf erase (CAT) reporter. Most, but not 
all, of the virally induced expression was T7 RNA polymerase and T7 
promoter dependent, with no viral enhancement of translation of T7 
transcripts. The efficacy of supplying T7 RNA polymerase expression from 
nonviral sources was evaluated using a self-amplifying T7 RNA polymerase 
autogene or an inducible T7 RNA polymerase expression vector. The latter 
modes yielded CAT activity dependent on T7 RNA polymerase expression; 
however, expression required viral factors independent of T7 RNA 
polymerase and did not reach that attained using the recombinant 
virus. In further experiments, MVA-induced T7 RNA 

polymerase expression was upregulated by alpha-amanitin, an inhibitor of 
eukaryotic polymerases. This indicates that MVA/T7 RNA 
polymerase hybrid expression may be rendered still more efficient by 
ameliorating transcriptional interference due to an alpha-amanitin- 
sensitive eukaryotic factor (s). 
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AB The capsid protein of the Hawaii strain of h\iman calicivirus was expressed 
in the transient MVA/bacteriophage T7 polymerase hybrid 

expression system in order to examine its processing in mammalian cells. 
Selected amino acid modifications (an insertion, deletion, and 
substitution) at the predicted amino terminus of the capsid protein as 
well as the presence or absence of the 0RF3 gene were examined for their 
effect on capsid expression. The protein was expressed efficiently in cell 
lines derived from three different species, with most of. the expressed 
protein remaining localized within the cells. There was no evidence for 
N-linked glycosylation or myristylation of the 57 kDa capsid protein. 
Hawaii virus-like particles (HV VLPs), efficiently produced in 
the baculovirus expression system, were not observed in this expression 
system under the conditions in this study. 
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AB A vaccine against human immunodeficiency virus (HIV) is still 

awaited. Although the correlates of protection remain elusive, it is 
likely that CD8+ T cells play an important role in the control of this 
infection. To firmly establish the importance of these cells in protective 
immunity, a means of efficient elicitation of CD8+ T cell responses in the 
absence of antibody is needed and, when available, might represent a 
crucial step towards a protective vaccine. Here, a novel vaccine candidate 
was constructed as a multi-cytotoxic T lymphocyte (CTL) epitope gene 
delivered and expressed using modified vaccinia virus 
Ankara (MVA) . The immunogen consists of 20 human, one 

murine and three rhesus macaque epitopes. The non-human epitopes were 
included so that the vaccine can be tested for immunogenicity and optimal 
vaccination doses, routes and regimes in experimental animals. Mice were 
immunized intravenously (i.v.) or intramuscularly (i.m. ) using a single 
dose of 10(6) p.f.u. of the recombinant MVA and the 
induction of CTL was assessed. It was demonstrated that both 
administration routes induced specific CTL responses and that the i.v. 
route was moderately more immunogenic than the i.m. route. The frequencies 
of ex vivo splenocytes producing interferon-y upon MHC class I-restricted 
peptide stimulation were determined using an ELISPOT assay. Also, the 
correct processing and presentation of some HLA- restricted epitopes in 
human cells was confirmed. 
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AB In a comparative study the factors influencing the recovery of 
recombinant Sendai viruses (SeV) from plasmid based cDNA were 
analysed systematically in order to establish an efficient and robust 
method for virus rescue. The amounts and ratios of transfected 
helper plasmids encoding the viral N, P and L proteins proved to be 
crucial for virus rescue, and they were optimised step-by-step 
for enhanced virus release. When the C open reading frame from 
the P gene was expressed at low level, virus rescue was 
generally possible but virus release could be improved when C 
gene expression was abolished completely. SeV particle formation could be 
increased greatly when the transcription initiation site for T7 polymerase 
in the cDNA was modified or when the genomic ribozyme instead of the 
antigenomic ribozyme of hepatitis delta virus was used for 



processing the 3 * end of the viral RNA transcript. Heterologous helper 
viruses vTF7-3 and MVA-T7, which are necessary for T7 polymerase 
production in transfected cells, were compared for their use in SeV 
recovery and subsequent elimination of the helper virus from 
recombinant SeV. Interference with SeV replication was less severe 
with MVA-T7, and MVA-T7 was eliminated efficiently 

without the need for any inhibitors by serial passages in Vero cells. 
Optimal combination of all parameters led to a highly efficient generation 
of recombinant SeV from cDNA. Titres of the released 
virus particles are high enough to enable analysis of the 
recombinant SeV directly on test cells or propagation in cell 
cultures without the need for amplification in embryonated chicken eggs. 
The system is very robust and allows rapid generation of defined SeV 
mutants that require specialised host cells for propagation. 
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AB Modified Virus Ankara (MVA) is an attenuated 

strain of vaccinia virus derived by serial passage through chick 
cells. MVA was administered to greater than 120,000 individuals 
towards the end of the smallpox eradication campaign without any 
significant adverse effects. We have sought to establish the reasons for 
the safety and immunogenicity of this human vaccine candidate, and have 
generated recombinants for use in immunological research. Modified 
Virus Ankara has no functional interferon alpha/beta 

receptor, interferon gamma receptor or TNF receptor, but it does possess a 

functional IL-lbeta receptor. MVA is the only vaccinia known to 

possess this favourable cytokine receptor profile. MVA is able 

to form extracellular enveloped viral particles. It is also able to 

replicate to a limited extent in human cells. We have found that 

recombinant MVA can be made by disruption of the TK 

locus using the standard pSCll vector. This has enabled us to generate a 
wide range of recombinants expressing proteins from influenza, SIV, HIV, 
and other pathogens; in addition we have . generated polyepitope constructs. 
Studies with influenza NP have shown epitope-specif ic block in class I 
presentation in the same fashion as seen with other strains of vaccinia. 
The NP MVA recombinant has been successfully used to 
restimulate human peripheral blood cytotoxic T cells. A polyepitope 
construct generated at least 5 HIV-1 clade B class I epitopes. 
Immunisation studies in mice show that the iv route elicits stronger CTL 
responses than the im route; primate work is in progress. 
Recombinant MVA is a promising human vaccine candidate. 
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SO PCT Int. Appl., 45 pp. 
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Disclosed are recombinant vaccinia viruses derived from the 
modified vaccinia viruses Ankara (MVA) , which contain 
and express foreign genes that are inserted at the site of a naturally 
occurring deletion in the MVA genome, and use of the 
recombinant MVA viruses for the prodn, of polypeptides, 
e.g. antigens or therapeutic agents. Also disclosed is the prodn. of 
recombinant viruses for vaccines, or viral vectors for gene 
therapy. Prepn. of recombinant virus MVA 

-LAInef expressing the nef gene of HIV-1 strain LAI was shown. 
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Double marker selection methods for the construction of wild-type-free 
viral vectors for use in vaccines 
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R: AT, BE, CH, DE, DK, ES, FR, GB, IE, IT, LI, NL, SE 
A method (transient marker stabilization) of inserting a gene into a viral 
vector using a combination of a selectable marker and a color marker to 
minimize the recovery of false positives and wild-type virus is 
described. The insertion cassette contains the foreign DNA and a dominant 
selection marker gene and a color selection marker gene and a pair of 
direct repeat sequences. Some or all of the foreign DNA segment is not 
flanked by the direct repeats. This is introduced into the vector 
backbone and a preliminary selection and screening for both markers is 
made. Selected virus are then propagated without selection and 
then screened for the loss of both markers. Viruses lacking both markers 
are then screened for the presence of the foreign DNA insert. The foreign 
may include genes for antigens and immunomodulators such as interleukin 6 
or interferon .gamma.. Furthermore, the invention relates to DNAmols. 
for said method as well as recombinant viruses produced by said 
method and vaccines comprising said viruses. 
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AB Rinderpest virus is a morbillivirus and is the causative agent 

of a widespread and important disease of cattle. The viral genome is a 

single strand of RNA in the negative sense. We have constructed plasmids 

containing cDNA copies of the 5' and 3* termini of the virus 

separated by a reporter gene and have shown that antigenome-sense RNA 

transcripts of these model genomes can be replicated, transcribed, and 

packaged by helper virus, both rinderpest virus and 

the related measles virus. Further, these genome analogs can be 

replicated and transcribed by viral proteins expressed from cDNA clones by 

using a recombinant vaccinia virus expressing T7 RNA 

polymerase (MVA-T7). Using this latter system, we have rescued 

live rinderpest virus from a full-length cDNA copy of the genome 

of the RBOK vaccine strain. The recombinant virus 

appears to grow in tissue culture identically to the original 

virus . 
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TI Highly attenuated modified vaccinia virus Ankara ( 

MVA) as an effective recombinant vector: a murine tumor 
model . 

AU Carroll M W; Overwijk W W; Chamberlain R S; Rosenberg S A; Moss B; Restifo 
N P 

CS Laboratory of Viral Diseases, National Institute of Allergy and Infectious 
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AB Modified vaccinia virus Ankara (MVA), a 

highly attenuated strain of vaccinia virus (W) that is unable 
to replicate in most mammalian cells, was evaluated as an expression 
vector for a model tumor associated antigen (TAA) and as a potential 
anti-cancer vaccine. We employed an experimental murine model in which an 
adenocarcinoma tumor line, CT26.CL25, was stably transfected with a model 
TAA, beta-galactosidase (beta-gal) . Mice injected intramuscularly with a 
recombinant MVA (rMVA) expressing beta-gal (MVA 

-LZ), were protected from a lethal intravenous (i.v.) challenge with 
CT26.CL25. In addition, splenocytes from mice primed with MVA-LZ 
were therapeutically effective upon adoptive transfer to mice bearing 
pulmonary metastases of the CT26.CL25 tumor established 3 days earlier. 
Most importantly, i.v. inoculation with MVA-LZ resulted in 
significantly prolonged survival of mice bearing three day old pulmonary 
metastases. This prolonged survival compared favorably to mice treated 
with a replication competent recombinant W expressing beta-gal. 



These findings indicate that rMVA is an efficacious alternative to the 
more commonly used replication competent W for the development of new 
recombinant anti-cancer vaccines . 
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TI Enhanced immunogenicity for CTL induction and complete protective efficacy 

of malaria DNA vaccination by boosting with modified vaccinia 

virus Ankara encoding pre-erythrocytic . 
AU Schneider J.; Gilbert S.C.; Blanchard T.; Hanke T, ; Sinden R. ; Robson 

K.J.; Smith G.; Hill A.V.S. 
CS J. Schneider, Institute of Molecular Medicine, Nuffield Department of 

Medicine, John Radcliffe Hospital, Oxford, United Kingdom 
SO Immunobiology, (1997) 197/2-4 (352-353). 

Refs: 0 
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TI Host range and cytopathogenicity of the highly attenuated MVA 
strain of vaccinia virus: propagation and generation of 
recombinant viruses in a nonhuman mammalian cell line. 

AU Carroll M W; Moss B 
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Diseases, National Institutes of Health, Bethesda, Maryland 20892-0445, 
USA. 

SO VIROLOGY, (1997 Nov 24) 238 (2) 198-211. 

Journal code: XEA. ISSN: 0042-6822. 
CY United States 

DT Journal; Article; (JOURNAL ARTICLE) 
LA English 

FS Priority Journals; Cancer Journals 
EM 199803 
EW 19980303 

AB Modified vaccinia virus Ankara (MVA) , 

attenuated by over 500 passages in primary chick embryo fibroblasts (CEF) , 

is presently being used as a safe expression vector. We compared the host 

ranges of MVA and the parental Ankara strain in CEF 

and 15 permanent cell lines. The cells could be grouped into three 

categories: permissive, semipermissive, and nonpermissive . For MVA 

, the permissive category consisted of primary CEF, a quail cell line 

derived from QT6, and the Syrian hamster cell line BHK-21. Only in BHK-21 

cells did the virus yield approach that occurring in primary 

CEF. The semipermissive category included two African green monkey cell 

lines: BS-C-1 and CV-1. The nonpermissive category for MVA 

consisted of three human cell lines HeLa, 293, and SW 839; one rhesus 

monkey cell line FRhK-4; two Chinese hamster cell lines CHO and CHL; one 

pig cell line PK(15); and three rabbit cell lines RK13, RAB-9, and SIRC. 

The grouping for MVA with a restored KIL host range gene was 

similar except for the inclusion of RK13 cells among permissive lines. The 

grouping for the Ankara strain, however, was quite different 

with more permissive and semipermissive cell lines. Nevertheless, in cells 

that were permissive for MVA, the virus replicated to 

higher levels than Ankara, consistent with both positive and 

negative growth elements associated with the adaptation of MVA. 

The cell lines were also characterized according to their susceptibility 

to MVA-induced cytopathic effects, expression of a late promoter 



regulated reporter gene by an MVA recombinant, and 

stage at which virion morphogenesis was blocked. Finally, the permissive 
BHK-21 cell line was shown to be competent for constructing and 
propagating recombinant MVA, providing an alternative 
to primary CEF. 
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TI Rescue of measles virus using a replication-deficient 
vaccinia-T7 vector 

AU Schneider, Henriette; Spielhofer, Pius; Kaelin, Karin; Doetsch, Christina; 

Radecke, Frank; Sutter, Gerd; Billeter, Martin A. 
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DT Journal 
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AB A system which allows the reconstitution of measles virus (MV) 

from cloned cDNA is described. The severely host cell restricted vaccinia 

vector MVA-T7 expressing bacteriophage T7 RNA polymerase was 

used to generate full-length antigenomic MV RNA and simultaneously the 

mRNAs encoding the viral N, P and L proteins in order to produce 

replicationally and transcriptionally active nucleocapsids . The 

functionality of the N, P and L proteins was demonstrated first by their 

ability to rescue MV specific subgenomic RNAs . Assembly and budding of 

reconstituted MV was shown by syncytia formation and subsequently by 

virus isolation. The inability of MVA-T7 to produce 

progeny virus in most mammalian cells circumvents the necessity 

to sep. the reconstituted MV from the MVA-T7 helper 

virus. Since all components are expressed transiently, this 

system is esp. suitable for studying the functions of N, P and L. 

Furthermore, it is useful for investigating later steps in the MV life 

cycle . 
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infected macaques: vaccine modulation. 
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AB Viral replication dynamics were explored in a group of SIV-infected 

macaques that exhibited different disease courses ranging from rapid AIDS 
to apparent non-progression. Sequential plasma, PBMC and lymph node 
samples from a group of twelve SIVsmE660 infected rhesus macaques that had 
received prior immunization with non- recombinant or trivalent 
(gag-pol, env) SIV recombinant vaccinia viruses were analyzed by 
quantitative competitive PCR (QC-PCR) and other viral load assays. 
Longitudinal viral load data were evaluated along with lymphocyte subsets, 
neutralizing antibody responses, sequential NV-specific in situ 
hybridization of lymph node biopsies and clinical outcome. Viral 
replication during and following primary viremia showed 3 patterns, 
correlated with clinical outcome. High primary (greater thanlO (6) copy 
equiv./ml) and subsequent increasing plasma viremia (up to 2 x 10 (8) /ml) 
correlated with rapid progression to AIDS (n=2) . Most animals exhibited 
substantial primary viremia (10 (5) to 10 (6) /copy equiv./ml) a transient one 
log decline, and subsequent progressive increase in viremia in the 



post-acute phase of infection with progression to AIDS within a year 
(n=6) . Low levels of primary plasma viremia (10(4) to 10(5) copy 
equiv./ml) followed by sustained limitation of viral replication (less 
than 10(4) copy equiv./ml), was associated with maintenance of normal 
lymphocyte subsets and intact lymphoid architecture (n=4) , as seen in 
HIV-1 infected long-term nonprogressors . Three of the macaques that showed 
this last pattern had been immunized with a SIV recoihbinant of 
the attenuated vaccinia virus, modified vaccinia Ankara 
(MVA-SIV) . The dynamics of virus replication are 

closely linked to disease course; sustained suppression of virus 
appears to promote long-term, asymptomatic survival of SIV-infected 
macaques . 
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AB With the aid of three monoclonal antibodies (MAbs), a glycoprotein 

specifically localized to the outer envelope of vaccinia virus 
was shown to be encoded by the A33R gene. These MAbs reacted with a 
glycosylated protein that migrated as 23- to 28-kDa and 55-kDa species 
under reducing and nonreducing conditions, respectively. The protein 
recognized by the three MAbs was synthesized by all 11 orthopoxviruses 
tested: eight strains of vaccinia virus (including modified 
vaccinia virus Ankara) and one strain each of cowpox, 
rabbitpox, and ectromelia viruses. The observation that the protein 
synthesized by ectromelia virus-infected cells reacted with only 
one of the three MAbs provided a means of mapping the gene encoding the 
glycoprotein. By transfecting vaccinia virus DNA into cells 
infected with ectromelia virus and assaying for MAb reactivity, 
we mapped the glycoprotein to the A33R open reading frame. The amino acid 
sequence and hydrophilicity plot predicted that the A33R gene product is a 
type II membrane protein with two asparagine-linked glycosylation sites. 
Triton X-114 partitioning experiments indicated that the A33R gene product 
is an integral membrane protein. The ectromelia virus homolog of 
the vaccinia virus A33R gene was sequenced, revealing 90% 
predicted amino acid identity. The vaccinia and variola virus 
homolog sequences predict 94% identical amino acids, the latter having one 
fewer internal amino acid. Electron microscopy revealed that the A33R gene 
product is expressed on the surface of extracellular enveloped virions but 
not on the intracellular mature form of virus. The conservation 
of this protein and its specific incorporation into viral envelopes 
suggest that it is important for virus dissemination. 
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virus Ankara. 
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CS Laboratory of Infectious Diseases, National Institute of Allergy and 
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AB The dynamics of plasma viremia were explored in a group of 12 simian 
immunodeficiency virus ( SIV) -infected rhesus macaques (Macaca 
mulatta) that had received prior immunization with either nonrecombinant 
or trivalent (gag-pol, env) SIV-recombinant vaccinia viruses. 
Three distinct patterns of viral replication observed during and following 
primary viremia accounted for significant differences in survival times. 
High-level primary plasma viremia with subsequently increasing viremia was 
associated with rapid progression to AIDS (n = 2) . A high-level primary 
plasma virus load with a transient decline and subsequent 
progressive increase in viremia in the post-acute phase of infection was 
associated with progression to AIDS within a year (n = 6) . Low levels of 
primary plasma viremia followed by sustained restriction of virus 
replication were associated with maintenance of normal lymphocyte subsets 
and intact lymphoid architecture (n = 4), reminiscent of the profile 
observed in human immunodeficiency virus type 1-infected 

long-term nonprogressors . Three of four macaques that showed this pattern 
had been immunized with an SIV recombinant derived from the 
attenuated vaccinia virus, modified vaccinia virus 
Ankara. These data link the dynamics and extent of virus 
replication to disease course and suggest that sustained suppression of 
virus promotes long-term, asymptomatic survival of SIV-infected 
macaques. These findings also suggest that vaccine modulation of host 
immunity may have profound beneficial effects on the subsequent disease 
course, even if sterilizing immunity is not achieved. 
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virus vaccine effective against parainfluenza virus 3 

infection in an animal model. 
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AB The highly attenuated, replication-deficient, modified vaccinia 
virus Ankara (MVA) was used to express the 

fusion (F) and/or hemagglutinin-neuraminidase (HN) glycoproteins of 
parainfluenza virus 3 (PIV3) . Initial recombinant 

viruses in which the HN gene was regulated by a very strong synthetic 
earlyllate promoter replicated poorly in permissive chick embryo cells 
evidently due to toxic levels of the gene product. This result led us to 
construct and evaluate a modified earlyllate promoter derived from the H5 
gene of vaccinia virus. Reporter gene experiments indicated that 
the enhanced H5 promoter was about five times stronger than the 7.5 
promoter used in previous recombinant vaccinia/ PIV3 viruses. 
Although the overall expression from the modified H5 promoter was less 
than that of the strong synthetic promoter, early expression, determined 
in the presence of an inhibitor of DNA replication, was higher. 



Importantly, recombinant MVA employing the modified H5 

promoter to regulate the F or HN gene of PIV3 replicated to high titers in 
chick cells and expressed functional F or HN proteins as measured by 
syncytial formation upon dual infection of mammalian cells. Cotton rats 
inoculated with recombinant MVA expressing F or HN by 

intramuscular or intranasal routes produced high levels of antibody. The 
virus expressing HN, however, was the more effective of the two in 
inducing immunity to PIV3 challenge, reducing PIV3 viral titers in the 
nasal turbinates by at least 4.7 logs and in the lungs by 3 . 4 logs, 
similar to that achieved by immunization with PIV3. These studies support 
further testing of recombinant MVA/PIV3 viruses as 
safe and effective candidate vaccines. 
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AB The bacteriophage T7 RNA polymerase gene was integrated into the fowlpox 
virus genome under the control of the vaccinia virus 
early/late promoter, P7 . 5 . The recombinant fowlpox virus 
, fpEFLT7pol, stably expressed T7 RNA polymerase in avian and mammalian 
cells, allowing transient expression of transfected genes under the 
control of the T7 promoter. The recombinant fowlpox 
virus expressing T7 RNA polymerase offers an alternative to the 
widely used vaccinia virus vTF7-3, or the recently developed 
modified vaccinia virus Ankara (MVA) T7 RNA 
polymerase recombinant, a highly attenuated strain with 
restricted host-range. Recombinant fowlpox viruses have the 
advantage that as no infectious virus are produced from 
mammalian cells they do not have to be used under stringent 
microbiological safety conditions. 
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AB The 'Modified Vaccinia Ankara' (MVA) strain is a 

potential live vaccine vector. The use of the hemagglutinin (ha) gene of 

the MVA strain as an insertion site for foreign genes was 

evaluated. To identify the molecular basis of the hemagglutinin-negative 

(HA-) phenotype of MVA, the ha gene and the region around this 

gene were sequenced. Amino acid (aa) sequence comparisons with functional 



hemagglutinins of other vaccinia strains predicted a functional 
polypeptide. The late part of the promoter region of the ha gene, however, 
was deleted, causing the apparent loss of the ha gene function. 
Nevertheless, insertion of foreign DNA into the ha gene allowed generation 
of functional recombinant viruses, indicating that the ha-gene 
region is a suitable insertion site. 
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AB Three model systems were used to demonstrate the immunogenicity of highly 
attenuated and replication-defective recombinant MVA. 
(1) Intramuscular inoculation of MVA-IN-Fha/np induced humoral 
and cell-mediated immune responses in mice and protectively immunized them 
against a lethal respiratory challenge with influenza virus. 
Intranasal vaccination was also protective, although higher doses were 
needed. (2) In rhesus macaques, an immunization scheme involving 
intramuscular injections of MVA-SIVenv/gag/pol greatly reduced 
the severity of disease caused by an SIV challenge. (3) In a murine cancer 
model, immunization with MVA-beta gal prevented the 

establishment of tumor metastases and even prolonged life in animals with 
established tumors. These results, together with previous data on the 
safety of MVA in humans, suggest the potential usefulness of 
recombinant MVA for prophylactic vaccination and 
therapeutic treatment of infectious diseases and cancer. 
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AB Multipotent paramunity (non-antigen-specific) inducers are described which 
are based on combinations of recombinant viral polypeptides from 
2 or more different pox virus strains with paramunizing 
properties. These multipotent paramunity inducers have almost no 
immunogenic activity, but they do have very strong paramunizing activity, 
so that repeated and continuous applications are possible. Thus, 
paramunity inducers were produced using the HPl fowlpox virus 
strain attenuated by passage in chick embryo fibroblasts and inactivated 
with .beta . -propiolactone . 
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AB Prototypes of three poxvirus genera — orthopoxvirus (OPV) , parapoxvirus 
(PPV), avipoxvirus (APV) — and Newcastle disease virus (NDV) as a 
control, as well as three recombinant OPV strains and one 
recombinant APV strain, were incubated in vitro with peripheral 
blood mononuclear leukocytes (PBML) of man, sheep and swine. Antiviral 
activity was determined in PBML culture supernatants at different time 
intervals after virus cell interaction using a cytopathic effect 
inhibition bioassay. Additionally, supernatants derived from human PBML 
were screened for interferons (IFN) alpha and gamma as well as for tumor 
necrosis factor by enzyme-linked immunosorbent assay. IFN titers reached a 
maximum 24 h after PBML stimulation at a multiplicity of infection (MOI) 
greater than 1. IFN alpha/beta was found to be responsible for the 
antiviral effect. Using a MOI > or = 1 the highly attenuated strain 
MVA was the only representant of vaccinia virus (W) 
that induced significant amounts of IFN also as a lacZ recombinant 
. Replicable virus from five well-known W strains as well as 
the Chinese W strain Tien Tan (WTT) as a recombinant vaccine 
failed to induce leukocyte IFN. Inactivated W strain Els tree and the 
recombinant TT strain induced high titers of leukocyte IFN. 
Supernatants derived from human, porcine and ovine PBML stimulated with 
replicable PPV, native W MVA and MVA lacZ 
recombinant or native APV and APV lacZ recombinant 
virus regularly contained IFN alpha. In contrast to NDV, neither 
specific antisera nor monoclonal antibodies were able to block the INF 
induction by W and PPV. 
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RNA polymerase for transient gene expression in mammalian cells. 



AU Wyatt L S; Moss B; Rozenblatt S 

CS Laboratory of Viral Diseases, National Institute of Allergy and Infectious 
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AB The vaccinia virus/bacteriophage T7 hybrid transient expression 
system employs a recoinibinant vaccinia virus that 

encodes the T7 RNA polymerase gene, a plasmid vector with a gene of 
interest regulated by a T7 promoter, and any cell line suitable for 
infection and transf ection . Although high expression in a majority of 
cells is achieved, the severe cytopathic effects of vaccinia virus 
and the safety precautions required for use of infectious agents are 
undesirable features of the system. Here, we report the construction of a 
highly attenuated and avian host-restricted vaccinia virus 
recombinant that encodes the T7 RNA polymerase gene (MVA 
/T7 pol) and demonstrate the use of the virus for transient 
expression in mammalian cells. MVA/T7 pol has reduced cytopathic 
effects compared to the previously used replication-competent vaccinia 
virus, while providing a high level of gene expression in multiple 
mammalian cell lines. 
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TI Non- replicating vaccinia vector efficiently expresses bacteriophage T7 RNA 

polymerase . 
AU Sutter G; Ohlmann M; Erfle V 
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AB Modified vaccinia virus Ankara (MVA) , a host 

range restricted and highly attenuated vaccinia virus strain, is 
unable to multiply in human and most other mammalian cell lines. Since 
viral gene expression is unimpaired in non-permissive cells 
recombinant MVA viruses are efficient as well as 
exceptionally safe expression vectors. We constructed a 
recombinant MVA that expresses the bacteriophage T7 RNA 
polymerase and tested its usefulness for transient expression of 
recombinant genes under the control of a T7 promoter. Using the 
chloramphenicol acetyltransf erase (CAT) gene as a reporter gene, infection 
with MVA-T7pol allowed efficient synthesis of 

recombinant enzyme in mammalian cells. Despite the severe host 
restriction of MVA, enzyme activities induced by infection with 
MVA-T7pol were similar to those determined after infection with a 
replication-competent vaccinia-T7pol recombinant virus 
. Thus, MVA-T7pol may be used as a novel vaccinia vector to 
achieve T7 RNA polymerase-specif ic recoihbinant gene expression 
in the absence of productive vaccinia virus replication. 
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highly attenuated MVA strain of vaccinia virus 
stimulates protective immunity in mice to influenza virus. 
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AB The immunogenicity of a recombinant virus derived from 
modified vaccinia virus Ankara (MVA), a host 

range-restricted, highly attenuated and safety-tested strain, was 
investigated. Plasmid transfer vectors that provide strong synthetic 
early/late promoters for the simultaneous expression of two genes as well 
as a transient or stable selectable marker and flanking sequences for 
homologous recombination with the MVA genome were constructed. A 
recombinant MVA containing influenza virus 

haemagglutinin and nucleoprotein genes was isolated in avian cells and 
shown to express both proteins efficiently upon infection of human or 
mouse cells in which abortive replication occurs. Mice, inoculated by 
various routes with recombinant MVA, produced antibody 
and cytotoxic T-lymphocyte responses to influenza virus proteins 
and were protected against a lethal influenza virus challenge as 
effectively as mice immunized with a recombinant derived from 
the replication-competent WR strain of vaccinia virus. 
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AB Monoclonal antibodies (MAbs) were generated against vaccinia virus 
, cowpox virus KR2 Brighton, monkeypox virus 

Copenhagen, or ectromelia virus. Pairwise epitope specificity 

studies by competition ELISAs identified 23 distinct antigenic sites in 19 

different orthopox virus strains. Six epitopes were completely 

independent of each other, and 17 closely related antigenic sites formed 

three separate epitope complexes. As shown by immunogold electron 

microscopy (ELMI), all MAbs reacted with epitopes in the envelope of 

intracellular naked virus, 16 MAbs recognized proteins of 32, 

30, 16 or 14 kDa in Western blotting (WB) , and 9 MAbs neutralized 

virus infectivity. In rabbitpox virus (RPV) 18 epitopes 

were detected. A lambda gtll expression library of RPV DNA was screened 
with the corresponding 18 MAbs. Fourteen recombinant 

bacteriophage clones (ph) were isolated. Cross-hybridizations of phage and 
RPV DNA demonstrated a reaction with the Hindlll A, Hindlll D, or Hindlll 
H fragments, respectively. DNA of ph3D was related to the A25L gene, which 
corresponds to the A-type inclusion body gene of cowpox virus. 
Two phage clones contained sequences of the 14-kDa fusion protein gene 
(A27L gene) . PhlA contained nearly the entire 14-kDa gene encoding 4 
neutralizing (neutr) and 2 nonneutr epitopes. Ph5, expressing only half of 
this gene product, encoded 1 nonneutr epitope. The fusion protein of 
vaccinia virus MVA was isolated by immune-affinity 



chromatography with a neutr. catching MAb . The protein formed hollow rods 
(ELMI) and the 6 antigenic sites that were present were identical to those 
expressed by Escherichia coli infected with phlA. WB detection with a 
polyclonal hyperimmune serum detected protein bands of 54, 32, 30, 16, and 
14 kDa. The catching MAb bound only to a 16-kDa band. The purified fusion 
protein induced neutralizing antibodies in mice and rabbits. 
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AB Vaccinia virus encodes several proteins, the activity of 

which is essential for multiplication in different cell types. Both the 
C7L and KIL open reading frames (ORFs) have been characterized as viral 
determinants for multiplication in human cells. To confirm and extend 
these findings we inserted the C7L ORE into the genome of a mutant 
virus unable to multiply in human cells and showed that this 
virus recovered its ability to replicate. Deletion of C7L from a 
wild-type viral genome did not adversely affect virus 

multiplication in human cells but it did reduce replication in hamster 

Dede cells. When both C7L and KIL were deleted from the vaccinia 

virus genome only poor or no viral yields were obtained from 

various human cell lines. Recombinant viruses were also 

constructed to facilitate the study of C7L protein synthesis during 

infection. One virus in which the lacZ ORF was fused downstream 

and in-frame with the C7L ORF enabled us to characterize the C7L protein 

as an early gene product. Another recombinant virus 

was constructed so that the carboxy terminus of the C7L ORF product 
contained an additional 28 amino acids from the carboxy terminus of KIL. 
Tagging of C7L in this way allowed us to detect the fusion protein by 
immunoprecipitation with antibodies against the KIL protein. Furthermore, 
the hybrid protein retained its biological properties. The 
recombinant viruses constructed in this work should be useful for 
studies of the molecular basis of the activity of viral host range 
proteins . 
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AB Modified vaccinia Ankara (MVA) , a highly attenuated 

vaccinia virus strain that has been safety tested in humans, was 
evaluated for use as an expression vector. MVA has multiple 
genomic deletions and is severely host cell restricted: it grows well in 
avian cells but is unable to multiply in human and most other mammalian 
cells tested. Nevertheless, we found that replication of viral DNA 
appeared normal and that both early and late viral proteins were 
synthesized in human cells. Proteolytic processing of viral structural 
proteins was inhibited, however, and only immature virus 
particles were detected by electron microscopy. We constructed an 
insertion plasmid with the Escherichia coli lacZ gene under the control of 
the vaccinia virus late promoter Pll, flanked by sequences of 
MVA DNA, to allow homologous recombination at the site of a 
naturally occurring 3500-base-pair deletion within the MVA 
genome, MVA recombinants were isolated and propagated in 

permissive avian cells and shown to express the enzyme beta-galactosidase 

upon infection of nonpermissive human cells. The amount of enzyme made was 

similar to that produced by a recombinant of vaccinia 

virus strain Western Reserve, which also had the lacZ gene under 

control of the Pll promoter, but multiplied to high titers. Since 

recombinant gene expression is unimpaired in nonpermissive human 

cells, MVA may serve as a highly efficient and exceptionally 

safe vector. 

L2 ANSWER 62 OF 63 JAPIO COPYRIGHT 2000 JPO 

AN 1990-005860 JAPIO 

TI RECOMBINANT VACCINIA VIRUS MVA 

IN UERUNAA ARUTENBURUGAA 

PA F HOFFMANN LA ROCHE & CO AG, CH (CO 000944) 

PI JP 02005860 A 19900110 Heisei 

AI JP1989-3875 {JP01003875 Heisei) 19890112 

PRAI CH 1988-85 19880112 

L2 ANSWER 63 OF 63 CAPLUS COPYRIGHT 2000 ACS 
AN 1990:104837 CAPLUS 
DN 112:104837 

TI Use of recombinant vaccinia virus producing foreign 

antigens as a vaccine 
IN Altenburger, Werner 

PA Hoffmann-La Roche, F. , und Co. A.-G., Switz. 
SO Eur. Pat. Appl . , 12 pp. 

CODEN: EPXXDW 
DT Patent 
LA German 



FAN . CNT 


1 










PATENT NO. 


KIND 


DATE 


APPLICATION NO. 


DATE 


PI EP 


324350 


Al 


19890719 


EP 1989-100038 


19890103 


EP 


324350 


Bl 


19931110 








R: AT, BE, 


CH, DE, 


ES, FR, GB, 


IT, LI, LU, NL, SE 




AT 


97164 


E 


19931115 


AT 1989-100038 


19890103 


ES 


2059565 


T3 


19941116 


ES 1989-100038 


19890103 


US 


5185146 


A 


19930209 


US 1989-293738 


19890104 


AU 


8927743 


Al 


19890720 


AU 1989-27743 


19890105 


AU 


619235 


B2 


19920123 






ZA 


8900097 


A 


19890927 


ZA 1989-97 


19890105 


DK 


8900117 


A 


19890713 


DK 1989-117 


19890111 


JP 


02005860 


A2 


19900110 


JP 1989-3875 


19890112 


JP 


2589797 


B2 


19970312 






PRAI CH 


1988-85 


19880112 






EP 


1989-100038 


19890103 







AB Recombinant vaccinia virus MVA or WR prepd. 

by in vivo homologous recombination with plasmids contg, genes for foreign 
antigens are used to express these antigens in cell culture or in mice. 
Tissue culture cells (CVl) were transformed with plasmid pHGS-2/5.1 
carrying the gene for a malaria antigen 5.1 and the plaque non-forming 



vaccinia virus MVA or WR. Recombinants 

(plaque-forming) were recovered and the virus amplified. Tissue 
culture cells infected with these recombinants produced antigen det 
by immunofluorescence. Mice inoculated with 
at titers of 1:6,700 (MVA) or 1:22, 800 (WR) . 
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TITLE: Induction of simian immunodeficiency virus (SIV) -specif ic 

CTL in rhesus macaques by vaccination with modified 
vaccinia virus Ankara expressing SIV transgenes: influence 
of pre-existing anti-vector immunity. 
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A major aim in AIDS vaccine development is the definition of strategies to 
stimulate strong and durable cytotoxic T lymphocyte (CTL) responses. Here 
we report that simian immunodeficiency virus (SIV) -specif ic CTL developed 
in 4/4 macaques following a single intramuscular injection of modified 
vaccinia virus Ankara (MVA) constructs expressing both 
structural and regulatory/accessory genes of SIV. In two animals 
Nef-specific responses persisted, but other responses diminished and new 
responses were not revealed, following further vaccination. Vaccination of 
another two macaques, expressing Mamu A* 01 MHC class I, with MVA 
constructs containing nef and gag-pol under the control of the moderate 
strength natural vaccinia virus early/late promoter P7.5, again induced an 
early Nef-specific response, whereas responses to Gag remained 
undetectable. Anti-vector immunity induced by this immunization was shown 
to prevent the efficient stimulation of CTL directed to the cognate Gag 
epitope, pile C-M, following vaccination with another MVA 
construct expressing SIV Gag-Pol under a strong synthetic vaccinia 
virus-specific promoter. In contrast, vaccination of a previously 
unexposed animal resulted in a SIV-specific CTL response widely 
disseminated in lymphoid tissues including lymph nodes associated with the 
rectal and genital routes of SIV entry. Thus, despite the highly 
attenuated nature of MVA, repeated immunization may elicit 
sufficient anti-vector immunity to limit the effectiveness of later 
vaccination . 
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AB The immunogenicity of two vector-based vaccines, either given alone or in 
a prime-boost regimen, was investigated. Cynomolgus macaques were 
immunised with modified vaccinia virus Ankara (MVA) expressing 
simian immunodeficiency virus (SIV)macJ5 env, gag-pol, nef, rev, and tat 
genes (MVA-SIVmac) or primed with a Semliki forest virus (SFV) 
vaccine expressing the same genes (SFV-SIVmac) and boosted with 
MVA-SIVmac. Generally, antibody responses, T-cell proliferative 
responses and cytotoxic T-cell responses remained low or undetectable in 
vaccinees receiving MVA-SIVmac or SFV-SIVmac alone. In contrast, 
monkeys who first received SFV-SIVmac twice and then were boosted with 
MVA-SIVmac showed increased antibody responses as well as high 
T-cell proliferative responses. Three of these vaccinees had cytotoxic 
T-lymphocytes directed against three or four of the gene products. No 
evidence of protection was seen against an intrarectal heterologous SIVsm 
challenge given 3 months after the last immunisation. The study 
demonstrates a prime-boost strategy that efficiently induces both humoral 
and cellular immune responses. 
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AB Modified vaccinia virus Ankara (MVA) has been used as an 

experimental vaccine vector against respiratory infections. We have tested 
the safety and immunogenicity of a recombinant virus expressing the 
hemagglutinin of measles virus (MVA-MV-H) using the mouse model 
of measles virus induced encephalitis and the cotton rat model for 
respiratory infection. MVA-MV-H proved to induce a THl response, 
neutralizing antibodies and conferred protection against both encephalitis 
and lung infection. The cotton rat is very sensitive to infection with 
replication competent vaccinia virus. In these animals MVA-MV-H 
proved to be a very well tolerated vaccine. However, the efficiency in the 
presence of MV specific maternal antibodies was low (even using a 
prime-boost strategy) and therefore might have to be improved. 
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AB The melanosomal protein tyrosinase is considered as a target of specific 
immunotherapy against melanoma. Two tyrosinase-derived peptides are 
presented in association with HLA-A2 . 1 [Wolfel et al . , Eur. J. Immunol., 
24, 759-764 (1994)]. Peptide 1-9 (MLLAVLYCL) is generated from the 
putative signal sequence. The internal peptide 369-377 is 
posttranslationally converted at residue 371, and its presentation is 
dependent on functional TAP transporters and proteasomes [Mosse et al . , J. 
exp. Med. 187, 37-48 (1998)]. Herein, we report on the processing and 
transport requirements for the signal sequence-derived peptide 1-9 that 
were studied in parallel to those for peptide 369-377. After infection of 
TAP-def icient (T2) and TAP-positive (Tl) cells with a Modified Vaccinia 
Ankara construct carrying the human tyrosinase gene (MVA-hTyr) , 
we found that recognition by CTL against peptide 1-9 did not require TAP 
function as opposed to recognition by CTL against peptide 369-377. When 
target cells with intact processing and transport functions were infected 
with MVA-hTyr, lysis by CTL against peptide 1-9 was not impaired 
by lactacystin, a specific inhibitor for the proteasome, whereas lysis by 
CTL against peptide 369-377 was completely abrogated. Taken together, 
peptide 1-9 derived from the signal sequence of tyrosinase is presented in 
a TAP-independent fashion and does not require proteasomes for processing. 
Cellular immune responses against this hydrophobic peptide can be 
monitored with lymphokine spot assays as documented in the case of a 
patient with metastatic melanoma, in whom we observed a preferential 
T-cell response against tyrosinase peptide 1-9 subsequent to 
chemoimmunotherapy . Independence of cytosolic processing and transport 
pathways and potentially enhanced expression levels make signal 
sequence-derived peptides and their carrier proteins important candidates 
for specific immunotherapy. 
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AB Recombinant vaccinia viruses are extremely valuable tools for research in 
molecular biology and immunology. The extension of vaccinia vector 
technology to replication-deficient and safety-tested virus strains such 
as modified vaccinia virus Ankara (MVA) have made this versatile 
eukaryotic expression system even more attractive for basic and clinical 
research. Here, we report on easily obtaining recombinant MVA 
using stringent growth selection on rabbit kidney RK-13 cells. We describe 
the construction and use of new MVA vector plasmids that carry 
an expression cassette of the vaccinia virus host range gene, KIL, as a 
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transient selectable marker. These plasmids allow either stable insertion 
of additional recombinant genes into the MVA genome or precisely 
targeted mutagenesis of MVA genomic sequences. Repetitive DNA 
sequences flanking the KIL gene were designed to remove the marker gene 
from the viral genome by homologous recombination under nonselective 
growth conditions. The convenience of this new selection technique is 
demonstrated by isolating MVA recombinants that produce green 
fluorescent protein and by generating MVA deletion mutants. 
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AB BACKGROUND: Papillomavirus is the etiologic agent associated with cervical 
carcinoma. The papilloma E2 protein is able to regulate negatively the 
expression of E6 and E7 papilloma oncoproteins. Therefore, a new, highly 
attenuated vaccinia virus known as modified vaccinia virus Ankara ( 
MVA) , which carries the papillomavirus E2 gene, was used for the 
treatment of tumors associated with human papillomavirus. METHODS: 
Analysis of expression of the E2 gene from the recombinant vaccinia virus 
was performed by reverse transcription-polymerase chain reaction of RNA 
isolated from infected cells. Detection of the E2 protein was done by 
immunoprecipitation from proteins labeled with [( 35 ) S ] -methionine, 
isolated from infected cells. The therapeutic effect of the MVA 
E2 recombinant virus over human tumors was tested in nude mice bearing 
tumors generated by inoculation of HeLa cells. Series of 10 nude mice with 
tumors of different sizes were injected with MVA, MVA 

E2, or phosphate-buffered saline. Tumor size was monitored every week to 
assess growth. RESULTS: The MVA E2 recombinant virus efficiently 
expressed the E2 protein in BS-C-1 cells. This protein was able to 
repress, in vivo, the papillomavirus P105 promoter, which controls the 
expression of the E6 and E7 oncoproteins. In nude mice the MVA 
E2 virus reduced tumor growth very efficiently. In contrast, tumors 
continued to grow in mice treated with MVA or PBS. The life 
expectancy of MVA E2-treated mice was also increased three- to 
fourfold compared with that of animals that received MVA or PBS. 
CONCLUSIONS: The growth of human tumors was efficiently inhibited by the 
MVA E2 recombinant vaccinia virus. The absence of side effects in 
treated animals suggested that the MVA E2 virus is a safe 
biologic agent that could in the future be used in humans for the 
treatment of cervical carcinoma. 
Copyright 2000 American Cancer Society. 
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A*0201-restricteci cytotoxic T cells in vitro and in vivo. 
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Vaccination with tumor-associated antigens is a promising approach for 
cancer immunotherapy. Because the majority of these antigens are normal 
self antigens, they may require suitable delivery systems to promote their 
immunogenicity . A recombinant vector based on the modified vaccinia virus 
Ankara (MVA) was used for expression of human tyrosinase, a 
melanoma-specific differentiation antigen, and evaluated for its efficacy 
as an antitumor vaccine. Stable recombinant viruses (MVA-hTyr) 
were constructed that have deleted the selection marker lacZ and 
efficiently expressed human tyrosinase in primary human cells and cell 
lines. Tyrosinase-specif ic human CTLs were activated in vitro by 
MVA-hTyr-inf ected, HLA-A*0201-positive human dendritic cells. 
Importantly, an efficient tyrosinase- and melanoma-specific CTL response 
was induced in vitro using MVA-hTyr-inf ected autologous 
dendritic cells as activators for peripheral blood mononuclear cells 
derived from HLA-A*0201-positive melanoma patients despite prior 
vaccination against smallpox. Immunization of HLA-A*02 01/Kb transgenic 
mice with MVA-hTyr induced A*0201-restricted CTLs specific for 
the human tyrosinase-derived peptide epitope 369-377. These in vivo primed 
CTLs were of sufficiently high avidity to recognize and lyse human 
melanoma cells, which present the endogenously processed tyrosinase 
peptide in the context of A*0201. Tyrosinase-specif ic CTL responses were 
significantly augmented by repeated vaccination with MVA-hTyr. 
These findings demonstrate that HLA- restricted CTLs specific for human 
tumor-associated antigens can be efficiently generated by immunization 
with recombinant MVA vaccines. The results are an essential 
basis for MVA-based vaccination trials in cancer patients. 
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adenovirus, as possible expression vectors. The recombinant MVA 
-Pll LZ vector carries the Escherichia coli lacZ gene coding for the 
enzyme beta-galactosidase, and the recombinant Ad-MFG-AP vector carries a 
modified membrane-exposed alkaline phosphatase (AP) gene. DCs were 
generated ex vivo in the presence of tumor necrosis factor-alpha, 
granulocyte macrophage colony-stimulating factor, stem cell factor, and 
flk-2/flt-3 ligand taken from CD34+ hematopoietic progenitors that were 
mobilized into the peripheral blood of cancer patients treated with 
high-dose cyclophosphamide and filgrastim. The target cells used for gene 
delivery were either CD34+ cells that had been subsequently induced to 
differentiate into mature DCs or DCs transduced after ex vivo generation 
from CD34+ cells. The results showed that: (a) infection of CD34+ cell 
derived-DCs (mature DCs) with either viral vector resulted in the 
efficient synthesis of recombinant protein, and (b) CD34+ cells were 
permissive for the expression of the recombinant reporter gene after 
infection with Ad-MFG-AP but not after infection with MVA-Pll 
LZ. In conclusion, these results suggest that vaccinia and adenovirus 
vectors are candidate to act as vehicles in genetically engineering human 
DCs. 
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The capsid protein of feline calicivirus (FCV) was expressed by using 
plasmids containing cytomegalovirus, simian virus 40, or T7 promoters. The 
strongest expression was achieved with the T7 promoter and coinfection 
with vaccinia virus expressing the T7 RNA polymerase (MVA 

/T7pol) . The FCV precursor capsid protein was processed to the mature-size 
protein, and these proteins were assembled in to virus-like particles. 
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AB Although desirable for safety reasons, the host range restrictions of 
modified vaccinia virus Ankara (MVA) make it less applicable for 
general use. Propagation in primary chicken embryo fibroblasts (CEF) 
requires particular cell culture experience and has no pre-established 
record of tissue culture reproducibility. We investigated a variety of 
established cell lines for productive virus growth and recombinant gene 
expression. Baby hamster kidney cells (BHK) , a well-characterized, easily 
maintained cell line, supported MVA growth and as proficient 
expression of the E. coli lacZ reporter gene as the highly efficient CEF, 
whereas other cell lines were non-permissive or allowed only very limited 
MVA replication. Importantly, no virus production occurred in 
patient-derived infected primary human cells. These results emphasize the 
safety and now improved accessibility of MVA for the development 
of expression vectors and live recombinant vaccines. 
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A system which allows the reconstitution of measles virus (MV) from cloned 
cDNA is described. The severely host cell restricted vaccinia vector 
MVA-T7 expressing bacteriophage T7 RNA polymerase was used to 
generate full-length antigenomic MV RNA and simultaneously the mRNAs 
encoding the viral N, P and L proteins in order to produce replicationally 
and transcriptionally active nucleocapsids . The functionality of the N, P 
and L proteins was demonstrated first by their ability to rescue MV 
specific subgenomic RNAs . Assembly and budding of reconstituted MV was 
shown by syncytia formation and subsequently by virus isolation. The 
inability of MVA-T7 to produce progeny virus in most mammalian 
cells circumvents the necessity to separate the reconstituted MV from the 
MVA-T7 helper virus. Since all components are expressed 

transiently, this system is especially suitable for studying the functions 
of N, P and L. Furthermore, it is useful for investigating later steps in 
the MV life cycle. 
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SOURCE: ADVANCES IN EXPERIMENTAL MEDICINE AND BIOLOGY, (1996) 397 

7-13. Ref: 35 
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Three model systems were used to demonstrate the immunogenicity of highly 
attenuated and replication-defective recombinant M7A. (1) 
Intramuscular inoculation of MVA-IN-Fha/np induced humoral and 
cell-mediated immune responses in mice and protectively immunized them 
against a lethal respiratory challenge with influenza virus. Intranasal 
vaccination was also protective, although higher doses were needed. (2) In 
rhesus macaques, an immunization scheme involving intramuscular injections 
of MVA-SIVenv/gag/pol greatly reduced the severity of disease 
caused by an SIV challenge. (3) In a murine cancer model, immunization 
with MVA-beta gal prevented the establishment of tumor 

metastases and even prolonged life in animals with established tumors. 
These results, together with previous data on the safety of MVA 
in humans, suggest the potential usefulness of recombinant MVA 
for prophylactic vaccination and therapeutic treatment of infectious 
diseases and cancer. 
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Non-replicating vaccinia vector efficiently expresses 
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Modified vaccinia virus Ankara (MVA) , a host range restricted 
and highly attenuated vaccinia virus strain, is unable to multiply in 
human and most other mammalian cell lines. Since viral gene expression is 
unimpaired in non-permissive cells recombinant MVA viruses are 
efficient as well as exceptionally safe expression vectors. We constructed 
a recombinant MVA that expresses the bacteriophage T7 RNA 
polymerase and tested its usefulness for transient expression of 
recombinant genes under the control of a T7 promoter. Using the 
chloramphenicol acetyltransf erase (CAT) gene as a reporter gene, infection 
with MVA-T7pol allowed efficient synthesis of recombinant enzyme 
in mammalian cells. Despite the severe host restriction of MVA, 
enzyme activities induced by infection with MVA-T7pol were 
similar to those determined after infection with a replication-competent 
vaccinia-T7pol recombinant virus. Thus, MVA-T7pol may be used as 
a novel vaccinia vector to achieve T7 RNA polymerase-specif ic recombinant 
gene expression in the absence of productive vaccinia virus replication. 
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The immunogenicity of a recombinant virus derived from modified vaccinia 
virus Ankara (MVA) , a host range-restricted, highly attenuated 
and safety-tested strain, was investigated. Plasmid transfer vectors that 
provide strong synthetic early/late promoters for the simultaneous 
expression of two genes as well as a transient or stable selectable marker 
and flanking sequences for homologous recombination with the MVA 
genome were constructed. A recombinant MVA containing influenza 
virus haemagglutinin and nucleoprotein genes was isolated, in avian cells 
and shown to express both proteins efficiently upon infection of human or 
mouse cells in which abortive replication occurs. Mice, inoculated by 
various routes with recombinant MVA, produced antibody and 
cytotoxic T-lymphocyte responses to influenza virus proteins and were 
protected against a lethal influenza virus challenge as effectively as 
mice immunized with a recombinant derived from the replication-competent 
WR strain of vaccinia virus. 
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Stable expression of the vaccinia virus KIL gene in rabbit 
cells complements the host range defect of a vaccinia virus 
mutant . 
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AS Modified vaccinia virus Ankara (MVA) , having acquired genomic 

deletions during passage in chicken embryo fibroblasts, is highly 
attenuated and unable to productively infect most mammalian cell lines. 
Multiplication in rabbit kidney-derived RK13 cells, but not other 
nonpermissive cells, can be restored by insertion of the vaccinia virus 
KIL gene into the MVA genome. During nonproductive infection of 
RK13 cells by MVA, transcription of representative viral early 
genes was revealed by Northern (RNA) blotting, whereas synthesis of an 
intermediate mRNA and replication of viral DNA could not be detected. 
Despite the persistence of viral early mRNA for at least several hours, 
synthesis of virus-induced polypeptides occurred only during the first 
hour and was followed by abrupt inhibition of all protein synthesis. 
Transfection of RK13 cells with a eukaryotic expression plasmid that 
contained the KIL gene allowed MVA infection to proceed to late 
stages of viral protein synthesis. Moreover, RK13 cell lines that stably 
expressed the KIL gene were permissive for MVA as well as a KIE 
deletion mutant of the WR strain of vaccinia virus. This is the first 
description of the complementation of a poxvirus mutant by cells that 
stably express a viral gene. 
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AB Modified vaccinia Ankara (MVA) , a highly attenuated vaccinia 

virus strain that has been safety tested in humans, was evaluated for use 
as an expression vector. MVA has multiple genomic deletions and 
is severely host cell restricted: it grows well in avian cells but is 
unable to multiply in human and most other mammalian cells tested. 
Nevertheless, we found that replication of viral DNA appeared normal and 
that both early and late viral proteins were synthesized in human cells. 
Proteolytic processing of viral structural proteins was inhibited, 
however, and only immature virus particles were detected by electron 
microscopy. We constructed an insertion plasmid with the Escherichia coli 
lacZ gene under the control of the vaccinia virus late promoter Pll, 
flanked by sequences of MVA DNA, to allow homologous 

recombination at the site of a naturally occurring 3500-base-pair deletion 
within the MVA genome. MVA recombinants were isolated 

and propagated in permissive avian cells and shown to express the enzyme 
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beta-galactosidase upon infection of nonpermissive human cells. The amount 
of enzyme made was similar to that produced by a recombinant of vaccinia 
virus strain Western Reserve, which also had the lacZ gene under control 
of the Pll promoter, but multiplied to high titers. Since recombinant gene 
expression is unimpaired in nonpermissive human cells, MVA may 
serve as a highly efficient and exceptionally safe vector. 
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AB Different passages of the vaccinia virus strain Ankara (CVA wild-type) 
during attenuation to MVA (modified vaccinia virus Ankara) have 
been analysed to detect alterations in the genome. Physical maps for the 
restriction enzymes Hindlll and Xhol have been established. Six major 
deletions relative to the wild-type strain CVA could be localized. They 
reduce the size of the entire genome from 208 kb (CVA wild-type) to 177 kb 
for the MVA strain. Four deletions occurred during the first 382 
passages and the resulting variant (CVA 382) displays an attenuated 
phenotype similar to that of the MVA strain. The deletions are 
located in both terminal fragments, affect two-thirds of the host range 
gene KIL and eliminate 3.5 kb of a highly conserved region in the Hindlll 
A fragment. During the next 190 passages leading to MVA two 
additional deletions appeared. Again, one is located in the left terminal 
fragment, and the other includes the A-type inclusion body gene. Neither 
of the deletions appear to participate in further attenuation of the 
virus. Rescue of the partially deleted host range region with the 
corresponding wild-type DNA restored the ability of the attenuated strains 
MVA and CVA 382 to grow in some non-permissive tissue cultures. 
Nevertheless, the complete host range of the wild-type strain was not 
recovered. Also, plaque-forming behaviour and reduced virulence were not 
influenced. From the data presented it may be concluded that the partially 
deleted host range gene is not solely responsible for attenuation. 
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Epitope Mapping by Deletion Mutants and Chimeras of Two Vesicular Stomatitis Virus 
Glycoprotein Genes Expressed by a Vaccinia Virus Vector 
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Deletion mutants and chimeras of the glycoprotein (G) genes of vesicular stomatitis virus serotypes Indiana (VSV- 
Ind) and New Jersey (VSV-NJ) were cloned in plasmids and vaccinia virus vectors under control of the bacteriophage 
T7 polymerase promoter for expression in CV-1 cells co-infected with a T7 polymerase-expressing vaccinia virus recom- 
binant Truncated and chimeric G proteins expressed by these vectors were tested for their capacity to react with VSV- 
Ind and VSV-NJ epitope-specific monoclonal antibodies (MAbs) by Western blot analysis for those antigenic determi- 
nants not affected by disulfide-bond reducing conditions or by immuno dotblot analysis for those that are. These experi- 
ments allowed us to create putative epitope maps for glycoproteins of both serotypes based on binding affinity and 
cross-reactivity of VSV-Ind and VSV-NJ MAbs for truncated or chimeric G proteins of known ammo acid sequences. 
Seven of the 9 VSV-NJ G epitopes, including all 4 epitopes involved in virus neutralization by MAbs, mapped to the 
center (amino acid sequence 193-289) of the 517 amino acid VSV-NJ G protein. Four of the 1 1 VSV-Ind G epitopes 
including 2 neutralizable epitopes, mapped to the cysteine-rich amino-terminal domain (amino acid sequence 80-1 83) 
of the 511 amino acid VSV-Ind G protein; the remaining 7 VSV-Ind G epitopes, including 2 involved in virus neutralization, 
were clustered in the cysteine-poor carboxy-terminal domain (amino acid sequence 286-428). In site-specific mutants 
of the VSV-Ind G gene defective in one or both glycosylation sites, only the amino-terminal epitopes of the VSV-Ind G 
protein were affected by deletion of the carbohydrate chain at residue 1 79; deletion of the carbohydrate chain at residue 
336 did not alter reactivity of the G protein with any of the relevant monoclonal antibodies. These results are discussed 
in relation to earlier attempts to map the antigenic determinants of VSV-NJ and VSV-Ind G proteins by proteolysis of 
the G protein and by sequencing the G genes of mutant viruses selected for their resistance to neutralization by epitope- 
specific monoclonal antibodies. © 1 989 Academic Press, Inc. 



INTRODUCTION 

The rhabdovirus, vesicular stomatitis virus (VSV), 
has been widely used as a model system for studying 
humoral and cellular immune responses (Wagner, 
1987). There, are two major serotypes of VSV, desig- 
nated Indiana (VSV-Ind) and New Jersey (VSV-NJ). The 
surface glycoprotein (G) anchored in the membrane of 
VSV is the type-specific antigen, which gives rise to 
and reacts with neutralizing antibody (Kelley et a/., 
1 972). The VSV G protein also serves as the major or- 
gan for virus adsorption to host cell surface receptors 
(Bishop etaL, 1975) and also mediates virus penetra- 
tion and uncoating (Matlin ef a/., 1982). We had pre- 
viously found by competitive binding studies that MAbs 
to the VSV-Ind G protein can react with 1 1 distinct anti- 
genic determinants (epitopes), 4 of which are con- 
cerned with neutralization of viral infectivity (Volk et ai, 
1 982). In a similar study, we were able to identify 9 epi- 
topes, at least 4 of which give rise to neutralizing mono- 
clonal antibodies, on the G protein of VSV-NJ (Bricker 
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era/., 1987). Similar results had been reported by Le- 
Francois and Lyies (1 982a,b). Due to the complex sec- 
ondary and three-dimensional structure of the VSV-NJ 
G protein, we have been unable to map its antigenic 
determinants by conventional protease or chemical 
cleavage techniques. However, a rough estimate of 
the location of epitopes on the VSV-NJ G protein could 
be made based on protease footprinting of the G pro- 
tein partially protected by individual MAbs complexed 
with staphylococcal protein A-Sepharose beads 
(Bricker et al., 1 987). This technique provided sugges- 
tive evidence that a 1 2-kDa fragment derived from the 
central fifth of the G protein, extending from amino acid 
position 219 to approximately 321, is involved in the 
binding of monoclonal antibodies directed to most, if 
not all, of the 9 epitopes of the VSV-NJ G protein clus- 
tered in this region (Bricker et al., 1 987). 

Monoclonal antibodies that neutralize viral infectivity 
have also been used for genetic studies by selecting 
mutant viruses that resist neutralization. Vandepol et 
ai (1986) have sequenced the cDNAs of G genes of 
VSV-Ind variants that survived neutralization by the use 
of monoclonal and polyclonal antibodies. In a similar 
study, we have used a single short exposure of wild- 
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-Cells were harvested at 48 hr after infection, tysed, and 
subjected to 1 2.5% polyacrylannide-SDS slab gel elec- 
trophoresis as described previously (Carroll and 
Wagner. 1979). 

Expression of VSV glycoproteins in cells co-infected 
with two recombinant vaccinia viruses. 

CV-I cells grown to 80% confluence in 35-mm 
plates were co-infected with vTF1-6.2 and the recom- 
binant vaccinia virus having the glycoprotein gene of 
interest flanked by the T7 polymerase promoter and 
terminator sequences inserted in its TK locus. The mul- 
tiplicity of infection for each of the recombinants was 

1 5 PFU/cell. The virus mixture was allowed to adsorb 
for 2 hr at 37° with occasional rocking of the plate. The 
residual inoculum was then removed, each plate was 
washed once with 2 ml of serum-free medium, and 3 ml 
of MEM with 5% FBS was added. Cells were harvested 
after 48 hr of incubation at 37°. To obtain large 
amounts of expressed glycoproteins, the co-transfec- 
tions or double infections were carried out as de- 
scribed above except that the celts to be infected were 
cultured in 1 SO-cm^ tissue-culture flasks. The amounts 
of virus, plasmid, and media used in the amplified 
transfection and co-infection procedures were 20-fold 
greater than that described above. 

Western blot and immuno dotblot analysis 

The proteins separated on polyacrylamide gels were 
transferred by electroblotting onto nitrocellulose 
sheets (Schleicher & Schueli. Inc., Keene. NH) as de- 
scribed by Towbin et al. (1979). The nitrocellulose 
sheets were then reacted with polyclonal rabbit antise- 
rum or monoclonal antibody followed by incubation 
with ^2^1-labeled Staphylococcus protein A or by '^^1- 
labeled goat anti-mouse IgG, as previously described 
in detail (Pal et al., 1985). The monoclonal antibodies 
used in these studies were prepared from hybridomas 
made in our laboratory and previously described in de- 
tail. (Volkef a/., 1982; Bricker era/., 1987). Immunodot- 
blot analysis was performed 48 hr after infection of CV- 
1 cells expressing VSV glycoproteins. Aliquots of cells 
lysed with PBS containing 0.5»b NP-40, and containing 
30 ^g of total protein, were spotted on nitrocellulose 
sheets and washed with PBS. Dots 0.5 cm in diameter 
were individually reacted with monoclonal antibody fol- 
lowed by incubation with ^^^i-iabeled goat anti-mouse 
IgG. In the case of VSV MAbs 1 , 7. 1 1 . 1 2, and VSV- 
NJ MAbs 15, 19, 20, 22, ^^^l-labeled Staphylococcus 
protein A was used instead of anti-mouse antibody 
since lower background was observed under these 
conditions. After washing, excised nitrocellulose 
pieces were dissolved in Ready-Solv (Beckman Instru- 



ments, Inc., Fulterton. CA) and radioactivity was 
counted by liquid scintillation spectrometry. 

RESULTS 

Construction of transient expression vectors and 
recombinant vaccinia vectors 

In order to induce ceils to synthesize the VSV G pro- 
teins of the Indiana and New Jersey serotypes, as well 
as their mutants and chimeras, in quantities sufficient 
for biological and antigenic studies, we cloned the Q 
genes into plasmid pTF7 used for transient expression 
in the system recently developed by Fuerst et al. 
(1986). In this system, cultured cells are infected with 
a recombinant vaccinia virus that expresses the T7 
bacteriophage RNA polymerase, followed by transfec- 
tion with a plasmid containing the gene of interest 
flanked by the T7 polymerase promoter (010) and ter- 
minator (T<t>) sequences. The construction and the des- 
ignation of all plasmids used for expression of VSV gly- 
coproteins, as well as their deletion mutants and chi- 
meras, are summarized in Table 1 . Figure 1 shows the 
restriction maps and the inserts in pWKI (wt Indiana 
coding sequence; Fig. 1 A) and pWK8 (wt New Jersey 
coding sequence; Fig. 1 B) depicting sites for cleavage 
by restriction enzymes used to construct all the other 
plasmids and stick models of the corresponding ex- 
pression products in relation to their coding se- 
quences. The general features of these G gene expres- 
sion plasmids are shown in Fig. 1C. Figure 2 presents 
stick models of all the G protein expression products. 

Expression of VSV glycoproteins by pWK plasmids 
or by vWK vaccinia recombinants 

Transfecting plasmids pWK1-pWK16 and infecting 
vaccinia recombinants vWK1-vWK16, individually co- 
infected with the vaccinia virus T7 polymerase recom- 
binant vTFI-6,2, were tested for expression of com- 
plete, truncated, or chimeric VSV glycoprotein genes 
(see Table 1 ). Figure 3 (lanes 1-10) compares the level 
of expression by four transfecting plasmids with that of 
four vaccinia virus recombinants carrying the same G 
gene. The lysates from -3X10^ cells loaded on the 
gel contained 50 ^g of total cell protein (50-100% of 
the harvest from a small petri dish or 2-4% of the har- 
vest from a 1 SO-cm^ flask). Virion proteins (5 /xg) of VSV- 
Ind (Orsay) or VSV-NJ (Ogden) were used as markers. 
Following electrophoresis, expressed glycoproteins 
and truncated segments were blotted onto nitrocellu- 
lose filters and detected by reaction with a mixture of 
polyclonal anti-G VSV-NJ and anti-G VSV-Ind rabbit se- 
rum followed by '^^l-labeled staphylococcal protein A, 
as described under Materials and Methods. 



I II I II I 'I 



EPITOPE MAPS OF VSV G PROTEIN RECOMBINANTS 



395 



TABLE 1 



Designation and Origin of Plasmid Constructs for Glycoproteins Expressed by Intact, Truncated, or Chimeric G Genes 
OF VSV-Indiana and VSV-New Jersey Cloned in pTF7 Vector 



Plasmid 



Cloning vector 
(enzymes)* 



Original plasmid 
{enzyme fragment)^ 



Cloned amino acid sequences* 



VSV-Ind 



VSV-NJ 



Substitutions and deletions 



pWKl pWK2b(Sr(;l) 

pWK2a pTF7IHB-1(fiamHI) 

pWK2b pTF7IHB-1(aamHI) 

pWK2c pTFTIHB-KfiamHI) 

pWK3 Q\NKMPst\/Kpni) 

pWK4 pWKKATpnl) 

pWK5 pWK9(X/7ol/Ba/r7HI) 

pWK6 pWKI(Psrt) 

pWK7 pWK2b(Srtyl) 

pWK8 pWK1(X/7ol) 

pWK9 P WK8 {XhoUBamH I) 

pWKIO pWK9(fiamHI) 

pWKII pWK9(ea/r7HI) 

p\A/Kl2 pWK9(Sa/r7HI) 

pWKIS pWK9(Ssf;il) 

pWK14 p\NK9{Xho\/Nco\) 

pWKI 5 pWK9(X/?ol/fiamHI) 

pWKie pWK14(A/col/5p;il) 



pGKSrul) 
pTAipr/TOI) 
pTA2(XA)ol) 
pTA1,2(X/70l) 
(see pWKl) 
(see pWKl) 

pBSM13Gl(X/7ol/X/?oll)^ 
(see pWKl)' 
pGUSfal) 

pBSMl3G2{Smat/Sp/)l) 

pBSM13G2(Ay/nPl) 

pBSM13GlCX'/7ol//^/ul) 

pBSM13Gl(X/?oll/eamHI)« 

pBSM13Gl Q(ho\\/BamH\)^ 

pBSM13Gl(X/T0ll/SamHI) 

pBSMl3Gl(X/)0ll/aamHI) 

pBSM13GlCX/?ol/A/col) 

pBSM13Gl(X/7ol/X/)olir 

(see pWK15) 



1-51 1 
lndACHOl79 
lndACH0336 
lndACHOl79/336 
1-262.339-511 

1-336 

1-317 

1-262 

1-234 

1-43 

1-43, 290-511 
1-43.317-511 

1-43 
1-43,317-51 1 

1-200 

1-297 

1-201 



1-517 
43-517 

43-301 
43-298 
43-298 
43-267 
214-517 
294-517 
321-517 



Thr,Q, -•►Ala 
Thr338 Ala 
Thr,ei.338 -»^ Ala 

A262-338 
Gly337 Ala 
318-328 
263-287 
235-247 



299-320 
299-314 
A 268-3 16 
A201-214 

A201-32O 



* Plasmids and the restriction enzymes used to prepare the cloning vector. 

^ Restriction enzyme fragments cleaved from the plasmids indicated and cloned into the dephosphorylated cloning vector. 
Sequential amino acid sequences of VSV-Ind and VSV-NJ, including the signal sequence. 

Amino acid substitutions created by nucleotide point mutations or originating from sequences not in the regular reading frame; amino acid 
deletions are marked by A. 

« XhoW digestions gave rise to incompletely cleaved fragments that were cloned containing one internal XhoW site in the case of pWKI 0 and 
pWK 1 5 and two internal XhoW sites in the case of pWK5. 

' The Xbal/BgU} linker {5'-TCTAGATCTAGA-3') was inserted in the Pst\ site of the T4 DNA potymerase-treated vector. 

^ 'n addition to the XhoW fragment representing the carboxy terminus, a small XhoW fragment representing amino acids 299-320 has been 
cloned into the BamH\ site opposite to its regular reading frame. 



In all cases shown in Fig. 3, co-infection with vTFl- 
6,2 and the second vaccinia virus recombinant (vWK1 , 
vWK4. vWK9, vWK1 2) gave higher yields of expressed 
glycoproteins connpared to that of the transient expres- 
sion by plasmids (pWKl , pWK4, pWK9, pWKI 2) trans- 
fected into cells previously infected with vTFI-6,2. The 
glycoprotein bands excised from the nitrocellulose 
were also subjected to scintillation counting and com- 
pared with the counts obtained from the glycoprotein 
bands derived from 5 ^g of VSV-Ind or VSV-NJ virions. 
Based on studies by Thomas et al. 6 985), a 4- to 1 5- 
fold increase in the level of expression was observed 
when cells were doubly infected with vaccinia viruses 
bearing G genes (see Fig. 3). The expressed glycopro- 
teins and their truncated forms represented 1 .2-1 .6% 
of the total proteins synthesized in the doubly infected 
ceils (data not shown). 

Figure 3 also demonstrates that the expression 
products of pWKl/vWK1 and pWK9/vWK9 exhibit the 
same electrophoretic migration as the virion glycopro- 



teins, whereas pWK4/vWK4 and pWK12/vWKl2 gave 
rise to the expected truncated 37- and 35-kDa prod- 
ucts. pWK5 showed the expected transient expression 
of the truncated glycoprotein Ind17-317 (Fig. 3, lane 
1 4). All other remaining G-protein-expressing vaccinia 
virus recombinants were tested with co-infecting vTFl - 
6,2 for their ability to express the glycoproteins of the 
anticipated size detectable with polyclonal antiserum 
(Fig. 3; lanes 1 1-1 3 and 1 5-23), These studies show 
that all constructs expressed glycoproteins of approxi- 
mately the size predicted and in fairly good yields with 
only one exception. No glycoprotein band could be de- 
tected by transient expression with pWK8, and recom- 
binant . vaccinia virus vWK8 yielded only minute 
amounts of the expected expression product (data not 
shown). The deficient expression of pWK8/vWK8 is 
probably due to the rather unnatural flanking se- 
quences of the ATG start codon in these constructs, 
which were derived from plasmid pNJG6- Due to the 
cloning procedure (dG/dC tailing) used to obtain this 
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type VSV-NJ to individual high-titered homotypic MAbs 
directed to glycoprotein epitopes V, Vl, VII, or VIII to 
select neutralization-resistant antigenic variants (Luo 
et al-. 1988). In our study, amino acid changes were 
observed only in the center of the VSV-NJ glycoprotein, 
whereas Vandepol etal. (1 986) were able to select vari- 
ants also having amino acid substitutions at the N-ter- 
minus and C-terminus of the VSV-Ind glycoprotein. 

In order to obtain a more detailed antigenic map and 
to determine if the previous postulates on the distribu- 
tion of epitopes on the VSV-Ind and VSV-NJ glycopro- 
teins are correct, we decided to use recombinant DNA 
techniques to further investigate the antigenic determi- 
nants of the two G proteins. Since the influence of gly- 
cosylation on the antigenicity of the G protein is also 
unclear, we have chosen vectors for expression in a 
glycosylation-competent eucaryotic system, A vac- 
cinia virus-based transient expression system de- 
signed by Fuerst et af. (1986, 1987), which had pre- 
viously enabled us to express high yields of VSV M pro- 
tein and influenza virus Mi protein (Li et ai, 1988; 
Baylor et al., 1 988), was used for expression of the gly- 
coproteins of VSV as well as their deletion mutants and 
chimeras. The expressed wild-type, mutant, and chi- 
meric glycoproteins have been tested for binding to 
monoclonal antibodies by either Western blotting or im- 
mune dotblotting, 

MATERIALS AND METHODS 
Cells and viruses 

VSV-Ind (San Juan strain) and VSV-NJ (Ogden strain) 
grown in BHK-2 1 cells were isolated and purified as de- 
scribed previously (McSharry and Wagner, 1971). Vac- 
cinia virus (strain WR), recombinant vaccinia virus con- 
taining the T7 RNA polymerase gene {vTFI-6,2), and 
human TK"1 43 ceils have been described by Fuerst et 
al. (1 986) and were kindly provided by Bernard Moss of 
the National Institutes of Health. Human TK-143 cells 
were grown in Eagle's minimal essential medium 
(MEM) with 1 0% fetal bovine serum (FBS) and 25 /xg/ml 
of 5-bromo-deoxyuridine (BUdR). CV-1 monkey kidney 
cells were grown in Dulbecco's modified Eagle me- 
dium containing 1 0% FBS. i 

Plasmids 

The vaccinia virus vector pTF7IHB-1 (Fuerst et al,, 
1986) was also provided by Bernard Moss. Plasmids 
pTAI , pTA2, and pTAI ,2 containing the entire VSV-Ind 
G gene with point mutations, which express VSV-Ind G 
proteins lacking either one (pTA1, pTA2) or both 
(pTAl ,2) carbohydrate chains, were kindly provided by 
Carolyn E. Machamer (Machamer ef a/., [1985). Plas- 
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mids pGl (Rose and Gallione, 1981) and pNJG6 (Galli- 
one and Rose, 1983) containing the entire coding se- 
quences of the VSV-Ind and VSV-NJ glycoproteins, re- 
spectively, were generous gifts of John K. Rose. 

Construction of recombinant plasmids 

Restriction and other DNA modifying enzymes were 
purchased from Bethesda Research Laboratories, 
Boehringer-Mannheim, or New England Biolabs and 
were used as directed by the manufacturer. Standard 
methods (Maniatis et al,, 1 982) were used for the con- 
struction, amplification, and purification of plasmids 
containing the VSV glycoprotein gene inserts as well 
as deletion mutants and chimeras. Each of the mutants 
and chimeras constructed was checked by restriction 
enzyme mapping (Maniatis et al., 1982) and/or se- 
quencing (Chen and Seeburg. 1985) and by Western 
blotting for the correct size of its expression product as 
described below. 

Isolation of recombinant virus 

CV- 1 cells were infected with wild-type vaccinia virus 
at a multiplicity of infection (m.o.i.) of 0.05 PFU/cell and 
transfected with calcium phosphate-precipitated plas- 
mids; 20 to 40 Mg of plasmid recombinant DNA was 
added in 1 ml of HEPES-buffered saline and precipi- 
tated by addition of CaClg to a final concentration of 
125 m/W. Recombinant viruses formed by insertion of 
the foreign G gene into the thymidine kinase locus were 
selected by plaque assay on TK~143 cell monolayers 
in the presence of BUdR (25 iiQlm\), TK" recombinant 
virus plaques were distinguished from spontaneous 
TK" mutant virus by DNA-RNA dotblot hybridization. 
After two consecutive plaque purifications, recombi- 
nant virus was amplified by infecting TK-143 cell 
monolayers in the presence of BUdR, and then large 
stocks were made in HeLa cells without selective me- 
dium. 

Transient expression of VSV glycoproteins 

CV-1 cells were grown to 80% confluence in 35-mm 
plates (3X10^ cells) and infected at an m.o.i. of 30 with 
purified recombinant vaccinia virus vTFl-6,2 express- 
ing T7 RNA polymerase, which is identical to the vTF7- 
3 recombinant vaccinia virus described by Fuerst etal, 
(1 986). The virus was allowed to adsorb for 2 hr at 37'' 
with occasional rocking of the plate. The residual inoc- 
ulum was then removed, and each plate was washed 
once with 2 ml of serum-free medium. We then added 
0.4 ml of calcium phosphate-precipitated DNA (10 to 
30 /ig of recombinant plasmid) and, after 1 5 min, 3 ml 
of MEM with 5% FBS. After 1 8 hr of incubation at 37°, 
the medium was discarded and replaced by fresh MEM 
with 5% FBS and the incubation was continued at 37°. 
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A. VSV-lndiana G cDNA and Protein 
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B. VSV-New Jersey G cDNA and Protein 
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C. VSV G Protein Expression Vectors 



0 pWK1-pWK16^ 




Fig 1. Construction of VSV G gene recombinant plasmids pWKI- 
pWK16 for creating vectors that express the entire G gene, deletion 
mutants, truncated genes, and chimeras of VSV-Ind and VSV-NJ G 
proteins. (A) Restriction enzyme sites in the cDNA of wt VSV-lnd G 
gene and inserts for pWKI , pBSMI 3G1 and, except for the missing 
Kpn\ site, in mutants pTA2. pWK2b. pTA1.2. and pWK2c. Corre- 
sponding regions of the G protein are also shown. (B) Restrictions 
enzyme sites present in the cDN A of the ivf VSV-NJ G gene of pWK8, 
and corresponding sequences of the VSV-NJ G protein. The map for 
plasmid pNJG6 is identical except that the XArol site and Taq\ site at 
the ends are replaced by Pst\ sites. Also identical, except for the 
missing HinP^ site, is the map of the chimeric insert in pWK9. The 
hydrophobic N-termlnal signal sequence and C-terminal anchor se- 
quences are indicated by black boxes. The two carbohydrate chains 
are indicated as circles on top of the stick models. Also marked are 
the N-terminal lysine (K1 7) and C-terminal lysine (K51 1 and arginine 
(R517) amino acids of the mature glycoproteins. (C) Location of the 
glycoprotein genes in the pWK expression vectors. 01 0. T7 polymer- 
ase promoter; J<t>, T7 polymerase terminator; TKl and TKr . thymidine 
kinase flanking sequences. , 



clone, the ATG start codon is preceded by the se- 
quence G15T (Galtione and Rose, 1983). In contrast to 
vWK8, vWK9 readily expresses the chimeric glycopro- 
tein NJ43-517 upon co-infection with vTFl-6,2 (Fig. 3, 
lane 7). Since this expressed chimehc glycoprotein 
contains 95% of the New Jersey glycoprotein se- 
quence and the first 26 VSV-lnd G annino acids are not 
believed to play a role in the antigenicity of that protein, 




the expression products of pWK9 or vWK9 can be as- 
sumed in subsequent studies to be representative of 
the wild-type VSV-NJ glycoprotein. Moreover, pWK9 
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Fig. 2. Stick models of the intact, truncated, and chimeric glyco- 
proteins expressed by plasmids pWK1-pWK16. showing VSV-lnd G 
protein (open boxes), VSV-NJ G protein (hatched boxes), and ammo 
acid substitutions translated from nucleotide sequences not in the 
original reading frame (black boxes). The amino acid sequences of 
the glycoproteins expressed by each corresponding plasmid are dis- 
played as the fully processed G protein after cleavage of the N-termi- 
nal signal sequence. The location of carbohydrate chains is shown 
as circles above the stick models Base changes T A at nucleo- 
tides 1181 and 1 338. resulting in the loss of N-glycosylation sites at 
asparagine residues 179 and/or 336, are shown in the expression 
products of pWK2a. pWK2b. and pWK2c called lndACH0179. 
lndACH0336. and InddCHO 179/336, respectively. The ammo actd 
sequences expressed by chimeras are indicated by Ind/NJ or NJ/Ind 
numbers. Despite the overlap of NJ/Ind amino acid sequences, the 
expression product of pWKIO is a single chimeric protein with VSV- 
lnd amino acids 290-297 substituting for the homologous VSV-NJ 
amino acids 294-301 in the expression product NJ43-301/lnd290- 
51 1 . For the same reason, the expression product of pWKl5 was 
designated lnd17-297/NJ294-517. 
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Fig 3. Western blot analysis of glycoproteins expressed in CV-1 cells transfected with plasmids pWKl, pWK4, pWK9, and pWK12 or. for 
comparison, infected with corresponding vaccinia virus vWK recombinants expressing the sanne constructs or other constructs driven by the 
co-infecting vaccinia virus recombinant vTF 1-6,2 expressing phage T7 polymerase. Cell extracts containing 50 ^g of total protein were loaded 
on 12.5% polyacrylamide-SDS gels and run under reducing conditions. The separated proteins were transferred to nitrocellulose paper and 
reacted with a mixture of polyclonal rabbit anti-G VSV-lnd and VSV-NJ sera. Five micrograms of VSV-Ind (lane 3) and 5 ^g of VSV-NJ (lane 8) virus 
were run as marker controls. The positions of 43K and 26K molecular weight markers are also indicated. The glycoprotein bands from lanes 1 - 
1 0 were excised and subjected to liquid scintillation counting. The increase in the level of G protein expressed by the vWK vaccinia virus vectors 
compared with that of transfection with the corresponding pWK plasmids is indicated as the ratio of vWK/pWK. 



has been used to construct pWKlO/vWKIO, pWKl 1/ 
v\A/K11, pWK12/wVKl2, and pWKl3/vWK 13 which all 
readily express the appropriate truncated or chimeric 
glycoproteins as shown in Fig. 3. 

Some of the more slowly migrating bands seen in 
Fig. 3 appear to be dimers or trimers of G proteins and 
some aberrant, more rapidly migrating bands may be 
degradation products or prematurely terminated ex- 
pression products. It is not possible to rule out in cer- 
tain cases underglycosylated and/or Gs protein lacking 
the transmembrane carboxy-terminal anchor. Similar 
minor bands were found by gel electrophoresis after 
expression of similar constructs (Doms et al., 1988; 
Machamer and Rose, 1 988). The formation of SDS-re- 
sistant trimers and other aggregates with varying de- 
grees of reactivity with monoclonal antibodies can also 
result from mutations in the ectodomain of G protein, 
including defectiveness or aberrancy of oligosaccha- 
ride chains (Machamer and Rose, 1 988; Doms et al., 
1988). 

Mapping G-protein epitopes of VSV-lnd and VSV-NJ 
by the reactivity of vector-expressed products with 
monoclonal antibodies * 

The aims of these experiments were to map anti- 
genic determinants of VSV-lnd and VSV-NJ G proteins 
by the capacity of the vector-expressed G gene prod- 
ucts to bind epitope-specific monoclonal antibodies 
originally described by Volk et aL (1 982) and by Bricker 
et aL (1987). The most logical technique for such ex- 
periments would appear to be Western blot analysis of 
pWKl-pWK16 and particularly vWK1-vWK16 expres- 
sion products in CV-1 cells separated on polyacryt- 



amide gels. As described by Bricker ef al. (1987) for 
VSV-NJ MAbs, their binding affinity is often dependent 
on the secondary structure of the glycoprotein antigen. 
Moreover, we found that few of the vector-expressed 
G-gene products would enter the polyacrylamide get 
efficiently under non-reducing conditions and often 
would not enter at all. Therefore, we were only able to 
use Western blot polyacrylamide gel electrophoresis 
under reducing conditions for detecting the binding 
affinity of those few monoclonal antibodies that are not 
dependent for reactivity on secondary structure of G 
protein expression products. The majority of antigenic 
determinants could be detected only by immune dot- 
blotting under non-reducing conditions. Chimeric and 
certain truncated G gene constructs were used to in- 
vestigate binding affinities of non-cross-reacting MAbs 
and other truncated constructs were found to be suit- 
able for analyzing the antigenic determinants shared by 
VSV-lnd and VSV-NJ G proteins as originally noted by 
Bricker et al. (1 987). Those plasmids, in which one or 
both glycosylation sites have been deleted, were also 
used for screening antigenic reactivity of MAbs depen- 
dent on tertiary structure. 

(i) Antigenic determinants on VSV-lnd G proteins ex- 
pressed by glycosylation-defective plasmids. We inves- 
tigated the influence of glycosylation on the antigenic- 
ity of the VSV-lnd G protein by expression of one plas- 
mid and two recombinant vaccinia virus constructs 
with carbohydrate chain deletions. Plasmid pWK2b 
was used for transient expression to obtain a VSV-lnd 
glycoprotein with a Thr ^ Ala substitution at position 
338 lacking the carbohydrate chain at Asn336 (In- 
dACH0336). Recombinant vaccinia viruses vWK2a 
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and vWK2c were used for co-infection of CV-1 cells to- 
gether with vTFI-6.2 to express glycoproteins lacking 
the carbohydrate chains at Asn 1 79 (Ind ACH0 1 79) and 
at both glycosylation sites. Asn 179 and Asn336, (In- 
dACHOl 79/336). respectively. Lysates of CV-1 cells 
containing the expressed glycoprotein deletion mu- 
tants and the wild-type VSV-Ind G protein were tested 
by immuno dotblot analysis for their ability to react with 
VSV-Ind G tVlAbs and the cross-reactive VSV-NJ G 
MAbs. 

Figure 4 shows that loss of the carbohydrate chain 
at Asn336 {pWK2b) seems to have little or no influence 
on the antigenicity of the VSV glycoprotein. If both car- 
bohydrate chains are removed (vWKZc), monoclonal 
antibodies directed to VSV-Ind G epitopes 1 and 10 and 
VSV-NJ G epitopes IV and IX recognize the VSV-Ind gly- 
coprotein very poorly or not at all. The same epitopes 
show reduced reactivity (1 5-50%) if only the carbohy- 
drate chain at Asn179 is missing. Reduced reactivity 
(15-50%) for VSV-Ind G epitopes 3 and 1 1 is also ob- 
served if both carbohydrate chains are missing. All 
other MAbs tested react quite well if only one carbohy- 
drate chain is removed: most of them show somewhat 
reduced reactivity (50-70%) if the G protein is not gly- 
cosylated at all {data not shown). 

(ii) Mapping linear epitopes by Western blotting un- 
der reducing conditions. MAhs of Indiana epitopes 2, 
5. 6, 7, 8. and 9 (see Fig. 4) and of New Jersey epitopes 
l.'ll, and III (Bricker etal., 1 987) were found to bind their 



respective G proteins under reducing conditions and, 
hence, are presumably linear epitopes not dependent 
on secondary structure. Therefore, these monoclonal 
antibodies could be tested for their reactivity with vec- 
tor expression products by Western blotting under re- . 
ducing conditions. Recombinant vaccinia viruses 
vWK3 vWK4, vWK 1 0. vWK 1 1 , vWK 1 2 . vWK 1 3 . vWKI 4. 
vWKI '5. and plasmid pWK5 were therefore used to ex- 
press VSV glycoprotein chimeras and deletion mutants 
as described under Materials and Methods. The ex- 
pression products were subjected to electrophoresis 
on 1 2.5% polyacrylamide-SDS gels and electroblotted 
onto nitrocellulose paper. Monoclonal antibodies di- 
rected to epitopes 2, 5, 6. 7. 8, and 9 of the VSV-Ind 
serotype and I. II. and III of the VSV-NJ serotype were 
tested by Western blot analyses for their capacity to 
recognize antigenic determinants on the altered G pro- 
tein products. 

Figure 5 shows the results of Western blot analyses 
performed under conditions by which G proteins are 
reduced. As noted in Figs. 5A-5B. VSV-Ind epitope-2 
MAbI 6 and epitope-5 MAb2 failed to bind the expres- 
sion products of vWK4 (Ind 17-336) but readily bound 
to the expression product of vWK3 {lndA263-338), indi- 
cating that epitopes 2 and 5 are probably located on 
VSV-Ind G protein carboxy distal to amino acid 338. 
Supporting evidence for this location of epitopes 2 and 
5 comes from the finding that MAb 16 (epitope 2), 
which does not crossreact with VSV-NJ G protein, and 
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Fig. 5. Western blot analyses of VSV-Ind and VSV-NJ glycoproteins 
expressed in CV-1 cells transfected with plasmid pWK5 or co-in- 
fected with vWK and vTFl-6,2 vaccinia virus reconnbinants. Cell ex- 
tracts containing 50 /ig of total protein were loaded on 12.5% poly- 
acr/lamide slab gels and subjected to electrophoresis under reduc- 
ing conditions. The separated proteins were then transferred to 
nitrocellulose paper by electroblotting and then reacted with epitope- 
specific monoclonal antibodies followed by '^^Mabeled staphylococ- 
cal protein A. Arrows denote the positions of VSV virion G protein, a 
43K protein marker and the vWK4 expression product Indl 7-336. 
The symbols + or - at the top of each lane indicate the reactivity or 
lack of reactivity of each MAb with the putative expression product. 
The reactivity of VSV-Ind or VSV-NJ G protein expression products 
for each MAb is shown in the following panels; (A) MAbI 6(VSV-lnd 
epitope 2); (B) MAb2(lnd Ep5); (C) MAb9(lnd Ep6); (D) MAb8(lnd Ep7); 
(E) MAb14(lnd Ep7); (F) MAb5(lnd Ep8); (G) MAb7{lnd Ep9); (H) 
MAb2(NJ EpI); (I) MAb5{NJ EpIl); and (J) MAb7(NJ EpIII). 



MAb2 (epitope 5) both bind exceedingly well to the 
VWK10 chimeric product NJ43-301/lnd290-51 1 , but 
fail to recognize the expression product Indl 7-297/ 
NJ294-5 1 7 of the chinnera vWK1 5 (see Figs. 5A-5B). In 
a further experinnent, it was found that MAbs of VSV- 
Ind epitopes 2 and 5 bind strongly to a truncated VSV- 
Ind G protein (lnd8-428) obtained after IPTG induction 
of Escherichia coli cells which had been transfected 
with plasmid pBSMl3H- containing fla/31 truncated G 
gene under control of a lac promoter (data not shown). 



Collectively, these data indicate that epitopes 2 and 5 
map to a location in the VSV-Ind G protein between 
amino acids 339 and 428. 

VSV-Ind monoclonal antibodies MAb9 (epitope 6), 
MAb5 (epitope 8), and MAb7 (epitope 9) can all be 
mapped to the N-terminal region comprising the first 
262 amino acids of the VSV-Ind G protein since they all 
bind to the truncated protein Ind 17-336 expressed by 
vWK4, but these MAbs do not bind to the deletion mu- 
tant lndA263-338 expressed by vWK3 (Figs. 5C, 5F, 
5G). Due to their cross-reactivity with VSV-NJ G protein, 
MAb9 (epitope 6) and MAb7 (epitope 9) bind to protein 
NJ43-301/lnd290-511 expressed by chimera vWKlO 
and to protein Ind 1 7-297/NJ294-5 1 7 expressed by chi- 
mera V WK15 (Figs. 5C, 5G), whereas the non-cross- 
reacting MAb5 (epitope 8) only binds to protein NJ43- 
301/lnd291-511 expressed by chimera vWKIO (Fig. 
5F). These data suggest that epitope-8 MAb5 binds to 
VSV-Ind G protein in a region between amino acids 290 
and 336. Further studies with MAbS reveal binding 
affinity to the expression product Ind 1 7-3 1 7 expressed 
by pWK5 but not to the expression product NJ43-267/ 
Ind317-51 1 of chimera vWK13 or expression product 
NJ43-298/lnd317-511 of chimera vWKll (Fig. 5F). 
These data map epitope 8 of VSV-Ind G protein to a 
region between amino acid residues 290 and 317. 
Since MAb5 does not cross-react with the VSV-NJ G 
protein, its affinity for binding to VSV-Ind G protein must 
be due to one or more of the nonconserved amino 
acids 298, 302, 308, 309, 31 1, and/or 3 1 4 in this other- 
wise highly conserved region. VSV-Ind MAb9 (epitope 
6) binds to NJ43-298/lnd31 7-51 1 expressed by vWK1 1 
and to NJ43-267/lnd317-51 1 expressed by vWKl3 
(data not shown), but it does not react with NJ43-298 
expressed by vWKl2 although it cross-reacts with 
VSV-NJ G protein. Therefore, VSV-Ind MAb9 appar- 
ently recognizes a region of the VSV-Ind G protein be- 
tween amino acids 317 and 336. 

VSV-Ind MAb7 (directed to epitope 9) cross-reacts 
with VSV-NJ G protein but does not bind to the expres- 
sion product NJ43-298 of a truncated VSV-NJ vector 
(data not shown). However, the same MAb7 binds to 
the vWK1 1 expression product NJ43-298/lnd31 7-51 1 
and to the WK13 expression product NJ43-267/ 
Ind3 1 7-5 1 1 , as well as binding to the truncated protein 
Indl 7-336 expressed by vWK4 and Ind 17-3 17 ex- 
pressed by pWK5 (Fig. 5G). Therefore, the most rea- 
sonable conclusion would seem to be that epitope 9 of 
VSV-Ind G protein maps to an amino acid sequence 
spanning both sides of residue 317. 

Mapping epitope 7 on VSV-Ind G protein has raised 
some difficult questions partly because two partially 
cross-reactive monoclonal antibodies, MAb8 (Fig. 5D) 
and MAb 14 (Fig. 5E), exhibit somewhat different pat- 
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terns of reactivity with products of certain expression 
vectors. MAb8 appears to be quite similar to epitope-2 
MAbI 6 (Fig. 5A) and to epitope-5 MAb2 (Fig. 5B) in its 
pattern of binding to products of the same expression 
vectors, except for very weak binding to the product 
lndA263-338 expressed by vWK3. On the basis of 
these results with MAb8, it is tempting to assign a map 
location of epitope 7 on VSV-Ind G protein to a region 
carboxy distal to amino acid residue 338. In contrast to 
MAb8, MAbI 4 cross-reacts with VSV-NJ G protein and 
recognizes the vWK15 chimera product Ind 17-297/ 
NJ294-5 1 7 (Fig. 5E), but in other respects shows a sim- 
ilar pattern of reactivity, or lack of reactivity, with prod- 
ucts expressed by vWK4, vWKl 0. vWKI 3, and vWK2c. 
The fact that MAb8 and MAb14 both react strongly 
with protein NJ43-267/lnd317-51 1 expressed by the 
chimera vWKl 3 suggests a binding site for both MAbs 
on VSV-Ind G protein distal to residue 31 7. Competitive 
binding studies with MAb8 and MAbI 4, locating them 
in the same epitope (Volk et ai, 1 982). suggests over- 
lapping or closely proximal binding sites on VSV-Ind G 
protein for those two MAbs. Both MAb8 and MAbI 4 
apparently recognize amino acid sequences distal to 
residue 336 on the basis of failure to bind to the protein 
Indl 7-336 expressed by deletion mutant vWK4, The 
absence of binding by MAbI 4 and the weak binding of 
MAb8 to protein lndA263-338 expressed by deletion 
mutant vWK3 provide a reasonable basis for location of 
epitope 7 in this deleted region. Although MAb8 may 
recognize a sequence somewhat distal to amino acid 
338, it seems likely that cross-reactive MAb 1 4 binds to 
a region in the vicinity of amino acids 332-337 be- 
cause this sequence is conserved in the G proteins of 
both serotypes VSV-Ind and VSV-NJ (Gallione and 
Rose, 1983). Both MAb8 and MAb 14 bind to the prod- 
uct IndACHOl 79/336 expressed by the glycosylation- 
deficient mutant vWK2c, although this deleted carbo- 
hydrate chain is presumably close to the site for bind- 
ing of these epitope-7 MAs. 

Among the monoclonal antibodies raised against 
VSV-NJ G protein, those assigned to epitopes 1, 11, and 
III react with VSV-NJ G protein subjected to polyacryl- 
amide gel electrophoresis under reducing conditions 
(Bricker ef al., 1987). As shovyn in Fig. 5H. MAb2 di- 
rected to VSV-NJ epitope 1 binds to the truncated glyco- 
protein NJ43-298 expressed by vWK12 as well as to 
the glycoprotein NJ43-301/lnd290-51 1 expressed by 
the chimera vWKIO (data not shown). MAb2 (VSV-NJ 
epitope I) also reacted strongly with glycoprotein NJ43- 
267/lnd3 17-51 1 expressed by chimera vWK1 3 but did 
not bind to glycoproteins lnd17-297/NJ294-517 ex- 
pressed by chimera vWK15 (data not shown) or by 
lnd17-201/NJ214-51 1 expressed by chimera vWK14 
(Fig. 5H). These findings suggest that epitope I of VSV- 



NJ G protein is located amino proximal to amino acid 
267 and probably amino proximal to amino acid 214. 
Some additional information pertaining to this map lo- 
cation was obtained by cloning a segment of the VSV- 
NJ G gene corresponding to amino acids 193-297 in 
the prokaryotic plasmid pBSM 1 3-1- under control of the 
lac promoter; when this recombinant was expressed in 
£ CO// on induction with IPTG, the expression product 
was recognized by VSV-NJ epitope-l MAb2 (data not 
shown). Conceivably, therefore, epitope 1 is located be- 
tween amino acids 1 93 and 21 4 of the VSV-NJ G pro- 
tein. 

Figure 51 shows that MAb5 directed to epitope II of 
VSV-NJ G protein binds to glycoproteins NJ43-298 ex- 
pressed by vWK12. NJ43-267/lnd31 7-511 expressed 
by chimera vWK13 and lnd17-200/NJ214-517 ex- 
pressed by chimera vWKI 4. Since VSV-NJ MAb5 does 
not cross-react with the VSV-Ind G protein (Bricker et 
ai, 1987). it seems clear that epitope It maps to a re- 
gion between amino acids 2 1 4 and 267 on the VSV-NJ 
G protein. 

Unlike MAbs for epitopes 1 and II. the MAbs directed 
to epitope 111 of VSV-NJ G protein readily cross-react 
with VSV-Ind G protein (Bricker ef ai, 1 987). As shown 
in Fig. 5J. MAb7 (NJ epitope III) binds strongly to the 
truncated glycoprotein Indl 7-336 expressed by vWK4 
but not to the VSV-Ind glycoprotein lndA263-338 ex- 
pressed by the deletion mutant vWK3. Identical results 
were obtained with the VSV-NJ epitope-llt MAb8 (data 
not shown). As expected from their cross-reactivity 
with VSV-Ind G protein, MAb7 and MAb8 both bind to 
chimeric glycoproteins NJ43-301/lnd290-511 and 
lnd17-297/NJ294-517 expressed by vWKIO and 
vWKI 5, respectively (see Fig. 5J). In a separate experi- 
ment it was found that MAb7 and MAb8 bind to the 
vWK14 expression product lnd17-200/NJ214-517 in 
which amino acids 201-214 are deleted, but MAb7 
and MAb8 do not bind to the glycoprotein NJ43-267/ 
Ind31 7-51 1 expressed by the chimera vWKI 3 in which 
amino acids 268-320 are deleted (see Fig. 7). The 
most significant finding in this effort to map VSV-NJ epi- 
tope 111 was clear evidence for no binding to MAb7 (or 
MAb8) to the expression product of chimera vWK1 1 
(NJ43-298/lnd3 1 7-5 1 4) or to the expression product of 
the truncated glycoprotein NJ43-298 synthesized by 
vWK12 (Fig. 5J). Although their binding is very weak. 
MAb7 and MAb8 do recognize the truncated VSV-ind 
glycoprotein Ind 17-3 17 synthesized by pWK5 (Fig. 5J). 
The consensus derived from these data is that epitope 
111 of the VSV-NJ G protein maps to a region between 
amino acids 299 and 317. 

(Hi) Mapping reduction-sensitive epitopes of VSV-Ind 
and VSV-NJ G proteins by MAb immune dotblotting. 
Preliminary studies had shown that many of the mono- 
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clonal antibodies directed to the G proteins of both 
VSV-Ind and VSV-NJ, especially those that neutralize 
viral infectivity, would not react with glycoproteins or 
glycoprotein fragments under reducing conditions. 
These finding precluded Western blotting analysis fol- 
lowing polyacrylannide gel electrophoresis with reduc- 
ing agents such as jS-mercaptoethanol and dithiothrei- 
tol in the gel buffers. Attempts to subject glycoproteins 
to polyacrylamide gel electrophoresis under non-re- 
ducing conditions were also unsuccessful. Therefore, 
we were forced to resort to immune dotblotting to ana- 
lyze those epitopes susceptible to reducing agents os- 
tensibly because of dependence on disulfide bond sec- 
ondary structure. 

Ly sates of CV-1 cells co-infected with T7 polymer- 
ase-expressing vTFI-6,2 and one of the vaccinia-G 
gene recombinants (VWK1. vWK3, vWK4, vWK6, 
vWK7, vWK9, vWKI 0, vWK1 2, vWK1 3, vWK1 4, vWK1 5. 
or vWK16) were tested for their ability to react with 
MAbs directed to various G protein epitopes of VSV-Ind 
or VSV-NJ by immo dotblotting analysis, as described 
under Materials and Methods. The data on neutraliza- 
ble epitopes are shown in Fig. 6 and the reactivity of 
MAbs with nonneutralizable epitopes is shown in Fig. 
7. Identical results for immuno dotblot and Western 
blot analyses were obtained in studies of those epi- 
topes not affected by reducing agents (see Fig. 5). The 
dotblot data recorded in Fig. 6 and Fig. 7 for reaction of 
recombinant virus-expressed glycoproteins with each 
MAb are expressed as little or no binding (0-10%), 
moderate binding (10-50%), or strong binding (50- 
150%), using as a 100% binding standard the same 
concentration of wt VSV-Ind or VSV-NJ glycoproteins 
extracted from cells expressing vectors vWKI or vWK9. 

MAbs directed to VSV-Ind epitopes 1 , 4, 1 0, and 1 1 
were first tested by immuno dotblot analysis for their 
capacity to bind to truncated glycoproteins Ind 17-336 
expressed by vWK4, Ind 17-262 expressed by vWK6 
and Ind 1 7-234 expressed by vWK7 as well as the dele- 
tion mutant chimera lnd17-201/NJ321-517 expressed 
by vWK16. The data shown in Figs. 6 and 7 indicate 
that epitopes 1,4, 10, and 1 1 map to a region within 
the first 200 N-terminal amino acids of the VSV-Ind G 
protein. 

MAb 1 3 of VSV-Ind G epitope 3 was found to bind the 
truncated glycoprotein Ind 17-336 expressed by vWK4 
but did not bind to the expression products of vWK6 
(Indl 7-262), vWK7 (Ind1 7-234), or vWK13 (NJ43-267/ 
Ind3 17-51 1). These results recorded in Fig. 6 indicate 
that epitope 3 maps to a region between amino acids 
263 and 3 1 7 on the VSV-Ind G protein. 

VSV-NJ G protein appears to have many more anti- 
genic determinants (epitopes) that depend on second- 
ary structure and are susceptible to reducing agents. 



MAb9 directed to VSV-NJ G epitope IV crossreacts with 
VSV-Ind G protein and exhibits the same binding pat- 
tern as do the MAbs to epitopes 1 and 1 1 of VSV-Ind 
G protein (Figs. 6 and 7). thus justifying the map assign- 
ment of epitope IV to the first 200 N-terminal amino 
acids of VSV-NJ G protein. MAbll (epitope V) and 
MAb 1 2 (epitope VI) directed to the VSV-NJ G protein do 
not cross-react with VSV-Ind G protein but were found 
to react quite well with chimeric glycoproteins NJ43- 
301/lnd290-5l 1 expressed by vWKlO, NJ43-267/ 
Ind317-511 expressed by vWK13, and lnd17-200/ 
NJ214-517 expressed by vWK14, but did not bind 
to chimeric glycoproteins Ind1 7-297/NJ294-51 7 ex- 
pressed by vWK 1 5 or Ind 1 7-20 1 /NJ32 1 -5 1 7 expressed 
by vWKl 6 (Fig. 6). These data indicate that epitopes V 
and VI map to a region on the VSV-NJ G protein be- 
tween amino acids 2 1 4 and 267. 

MAb 13 and MAb 14 directed to epitope VII of the 
VSV-NJ G protein do not cross-react with the VSV-Ind 
G protein; both MAbs were capable of binding to 
the chimeric glycoprotein NJ43-301/lnd290-51 1 ex- 
pressed by vWKlO and to the truncated glycoprotein 
NJ43-298 expressed by vWKl2, but neither MAb 
would react with the chimeric glycoproteins Indl 7- 
297/NJ 294-517 expressed by vWK15, lnd17-201/NJ 
321-517 expressed by vWK16, or NJ43-267/lnd 317- 
511 expressed by vWK13 (Fig. 6). A complication 
arises because MAb 13 reacted strongly with the chi- 
meric glycoprotein Indl 7-200/NJ21 4-51 7 expressed 
by vWK14 whereas MAb 14 did not. Therefore, the 
closest approximation for mapping epitope VII is to a 
region between amino acids 214 and 298 with an addi- 
tional area amino proximal to position 214 being re- 
quired for full expression of the binding site for MAb 1 4. 

MAbI 5 directed to epitope VIII of the VSV-NJ G pro- 
tein also does not cross-react with VSV-Ind G protein 
but binds to the chimeric glycoproteins NJ43-301/ 
Ind290-51 1 expressed by vWK10 and less strongly to 
NJ43-267/lnd317-51 1 expressed by vWK13, as well as 
the truncated vWKl2-expressed glycoprotein NJ43- 
298. However, MAb1 5 did not bind to the chimeric gly- 
coproteins lnd17-297/NJ 294-517 expressed by 
vWK15 or Indl 7-200/NJ2 14-5 17 expressed by vWK14 
(Fig. 6). These data tend to locate epitope VIII to a re- 
gion on the VSV-NJ G protein proximal to amino acid 
267 with some requirement for sequences proximal to 
amino acid 214 as well. 

Epitope family IX of the VSV-NJ G protein comprises 
a diverse group of monoclonal antibodies which show 
partial, often one-way competitive binding for the anti- 
genic determinants (Bricker et aL, 1987). Of three 
monoclonal antibodies assigned to epitope IX, MAbI 9 
and MAb20 exhibited cross-reactivity with products of 
constructs expressing truncated VSV-Ind G protein 
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Fig 6 Binding of epitope-specific neutralizable monoclonal antibodies to VSV-lnd and VSV-NJ glycoprotein expression products as deter- 
mined by immune dotblotting under nonreducing conditions. Lysates of CV-1 cells (20-40 total protein) that had en coinfec^^^ 
vectors and vTF 1 -6 2 contained equal amounts of G protein expression products precipitable by a mixture of polyclonal rabbit VSV-lnd and VSV- 
NJ anti-G serum Lysates of cells infected with vTF 1 -6,2 alone were used as background controls. The data are expressed as three percentage 
levels of MAb binding (0-10% 10-50%. and 50-150%). using as the 100% levels the binding of each VSV-lnd MAb to the homotyptc wt G 
protein expressed by vWKl and the binding of each VSV-NJ MAb to the homotypic wt G protein expressed by vWK9. A'so shown for companson 
are results of immuno dotblot binding of these monoclonal antibodies to the disulfide-bond reduced G protein of VSV-lnd vinons (also see 
Fig. 4). 



(lnd17-336, lnd17-262, and lnd17-234), whereas 
MAb22 did not (Fig. 7). However, MAb 19 and MAb20 
did not react with the glycoprotein lnd17-200/NJ214- 
517 expressed by the chimera vWKU, thus mapping 
these binding sites of MAb19 and MAb20 to a region 
within the first 234 amino acids of the VSV-NJ G pro- 
tein. Amino acids 201-214, whiph are deleted in the 
nonbinding chimeric glycoprotein lnd17-200/NJ214- 
517, would seem to be a logical region for binding of 
MAb19 and MAb20; however, the low degree of se- 
quence homology in this region of the VSV-lnd and 
VSV-NJ G proteins (Galtione and Rose. 1983) makes 
this an unlikely binding site for MAb19 and MAb20. 
Consistent with this evidence is the finding that the 
non-cross-reacting MAb22 of epitope IX did not bind to 
the chimeric glycoproteins lnd17-297/NJ 294-517 and 
Indl 7-200/NJ2 14-517 but did bind to the truncated gly- 



coprotein NJ43-298 and to chimeric glycoproteins 
NJ43-301/lnd290-51 1 and NJ43-267/lnd317-51 1 (Fig, 
7). These data indicate that epitope IX MAb22 recog- 
nizes an area of the VSV-NJ G protein in a region 
flanked by amino acids 43 and 267. 

DISCUSSION 

The complex three-dimensional structure of VSV gly- 
coproteins generally precludes mapping antigenic de- 
terminants by standard proteolysis techniques. In ear- 
lier attempts to map the epitopes of VSV-NJ G protein, 
we resorted to a "footprinting" method in which mono- 
clonal antibodies coupled to Sepharose beads pro- 
tected regions of the G protein from digestion by staph- 
ylococcal V8 protease. These studies suggested that 
individual MAbs directed to each of the nine epitopes 
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Fig. 7. Binding of epitope-specific nonneutralizable monoclonal antibodies directed to VSV-Ind and VSV-NJ glycoprotein expression products 
as determined by immuno dotblotting under nonreducing conditions. The experimental procedures are the same as those described in the 
legend for Fig. 6. 



ail gave rise to protease-resistant 1 2-kDa fragments, 
some of which mapped by N-terminal amino acid se- 
quencing to residues 2 1 9-32 1 of the 5 1 7 amino acid 
G protein of VSV-NJ (Bricker et aL, 1987). In other at- 
tempts to map the neutralizable G protein epitopes of 
VSV-Ind (Vandepol etaL, 1 986) and VSV-NJ (Luo et a/., 
1988), mutants resistant to neutralization by individual 
epitope-specific monoclonal antibodies were selected. 
The virion RNAs of these resistant mutants were then 
sequenced by primer extension to locate amino acid 
substitutions in specific regions of the glycoproteins. 
Table 2 presents a summary of these data on the loca- 
tion of amino acid substitutions in VSV-Ind and VSV-NJ 
G proteins of neutralizing MAb-resistant mutants com- 
pared with the results obtained in the present study on 
recognition by epitope-specific MAbs of G proteins ex- 
pressed by deletion mutants and chimeras. 

Since the VSV-Ind monoclonal antibodies used by 
Vandepol era/. (1 986) are quite different from ours, the 
sequencing and MAb binding studies for the VSV-Ind 
G protein cannot be directly compared but probably 
represent similar epitopes. As noted in Table 2, most, 
if not all, recombinant-expressed epitopes as well as 



antibody-induced mutant amino acid substitutions are 
located in the central third of the VSV-NJ G protein, 
findings consistent with the footprint mapping data of 
Bricker era/. (1987). In contrast, the VSV-Ind G protein 
recombinant-expressed epitopes and the neutraliz- 
ation-resistant mutant amino acid substitutions are dis- 
tributed among the N-terminal. central, and C-terminal 
thirds of the VSV-Ind G protein. These results suggest 
that all epitopes on the VSV-NJ G protein are clustered 
near the center, whereas the epitopes of the VSV-Ind 
G protein are distributed far more widely. Considering 
the high degree (50.9%) of amino acid sequence ho- 
mology between the G proteins of VSV-Ind and VSV-NJ 
(Gallione and Rose, 1983), one might expect a greater 
degree of overlap in the locations of the two sets of 
epitopes. However, there is a considerable degree of 
antigenic cross-reactivity among the nonneutralizable 
G protein epitopes of VSV-Ind and VSV-NJ. suggesting 
selective pressure for diversity of neutralizable epi- 
topes. Quite obviously, one must be cautious in relat- 
ing epitopes to amino acid substitutions in mutants 
since allosteric modifications can be exerted by an 
amino acid substitution at some distance from the 
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TABLE 2 

Epitope Locations on VSV-IND and VSV-NJ G Proteins Mapped 
BY Monoclonal Antibodies Binding to Expressed Recombinant 
Products Compared with Locations of Amino Acid Substitutions 
in Mutants Resistant to Neutralization by Epitope-Specific Mono- 
clonal Antibodies 



Designation'' 


Amino acid sequences 


Mutant substitutions 




A. 


VSV-lnd G protein epitope map locations 


1 


A2 


17-200 (80-183)'' 


Valsa lie or Ala 


4 




17-200 (80-183)^ 


Gly54 Ser or Asp 


2 


B 


339-428 (382-400)* 


Ser357 -* Pro; Arg^^s 








Ser; Met362 Thr 


3 


A, 


263-317(286-317)* 


Asp257 Tyr or Asn 








Asp259 — Asn; Aspzes — 








Glu 


5 




339-428 




6 




317-336 




7 




317-428(330-350)*^ 




8 




290-317(298-314)** 




9 




290-336(310-327)^ 




10 




17-200 




1 1 




17-200 (80-183)* 






B. 


VSV-NJ G protein epitope map locations 


1 




193-267 




II 




214-267 




III 




299-317 




IV 




17-200 (80-183)* 




V 




214-267 


Gly364 Lys 


VI 




214-267 


Pro268 Thr 


VII 




214-298(214-289)'' 


GIU210 Lys 


VIII 




43-267 


Ser277 Leu 


IX 




43-267 (80-228)* 





^ Designations for VSV-lnd G-protein epitopes are consecutive 
numbers 1-11 based on data of Volk et al. ( 1 982) or A, . Ag , and B 
based on the data of LeFrancois and Lyies (1982a,b). The order in 
which these epitopes are listed is arbitrary but based on the compar- 
ative locations of the epitopes determined by MAb binding and by 
amino acid substitutions in VSV-lnd mutants resistant to neutraliza- 
tion by epitope-specific monoclonal antibodies (Vandepol er ai. 
1986). We tentatively group the neutralizable VSV-lnd epitopes as 
indicated: 1 and 4, Ag; 2, B; and 3, A, . The amino acid substitutions 
in G proteins of VSV-NJ mutants resistant to epitopes V-, VI-, VII- , 
and Vlll-specific MAbs are reproduced from Luo etai (1988). 

* The parenthetical amino acid sequences indicate more circum- 
scribed areas for locating binding sites of cross-reactive MAbs by 
excluding amino acid sequences not homologous for VSV-lnd and 
VSV-NJ G proteins. (Note that VSV-lnd epitope 2 and VSV-NJ epi- 
tope IX are capable of binding both cross-reactive and non-cross- 
reactive MAbs.) . 

These parenthetical sequences limiting VSV-lnd epitope 7 to a 
more circumscribed region are based on evidence that epitope 7- 
specific MAb 14 binds to amino acid sequence 317-338, whereas 
epitope 7-specific MAb8 binds to a region distal to residue 338. 

^ These parenthetical sequences are based on evidence excluding 
homologous G-protein sequences in both serotypes that do not rec- 
ognize the non-cross-reactive MAbs of VSV-lnd epitope 8 and VSV- 
NJ epitope 111. 

* These parenthetical amino acid sequences limiting VSV-lnd 
epitope 9 to a more circumscribed region on the G protein are based 
on preliminary data that MAb7 maps to a region in the vicinity of resi- 
due317. 



effected epitope, particularly in the case of proteins 
with complex three-dimensional conformations. 

Figure 8 shows linear displays of the comparative 
map locations reported here for binding of cross-reac- 
tive and non-cross-reactive MAbs directed to the ex- 
pressed products of deletion mutants and chimeras of 
the VSV-lnd and VSV-NJ G genes. The VSV-lnd epi- 
topes are shown in arable numerals and the VSV-NJ 
epitopes in roman numerals. The epitopes involved in 
virus neutralization are shown in larger type. Some of 
these epitope map locations are based on tack of se- 
quence homology when considering non-cross-reac- 
tive MAbs of both serotypes and excluding nonhomol- 
ogous regions for cross-reactive MAbs. As noted, VSV- 
NJ epitopes VIII and IX are aligned along with other 
epitopes to map location 200-267 even though their 
MAbs bind definitively only to expression products en- 
compassing amino acids 43-267. MAbs to those two 
epitopes behaved in a somewhat anomalous manner. 
For example, the three MAbs of epitope IX did not bind 
to the chimeric product lnd17-200/NJ214-517 ex- 
pressed by vWKH, suggesting the contributions of 
residues 201-214 of VSV-NJ G protein for effective 
binding of epitope-IX MAbs (see Fig. 7). 

Another anomaly is epitope VII of VSV-NJ G protein 
because MAb 14 fails to recognize the chimeric prod- 
uct lnd17-200/NJ214-517, whereas MAb 13 directed 
to the same epitope VII binds quite effectively. These 
results suggest that amino acid sequences upstream 
from position 214 contribute to the binding of one of 
the epitope-VII MAbs but not the other This interpreta- 
tion is supported by the data of Luo et al. (1988) who 
reported a Glu Lys substitution at amino acid 210 in 
the G protein of a VSV-NJ mutant selected for its resis- 
tance to neutralization by the same MAbI 4 of epitope 
Vil. In addition, the G protein of this MAb14-resistant 
virus mutant also loses its capacity to bind MAbI 2 of 
epitope VI (Luo etai., 1988). Epitope-VI MAbI 2 does 
bind to expressed G protein Indl 7-200/NJ2 14-5 17 (al- 
though sequences 201-214 may contribute to binding 
efficiency), but epitope-VII I MAb1 5 does not, also sug- 
gesting the importance of the amino acid sequence 
201-214 (see Fig. 6). In general, the data presented 
here on mapping the epitopes of VSV-NJ G protein by 
MAbs binding to expression products of deletion mu- 
tants and chimeras are in agreement with the "foot- 
printing"data of Bricker et al. (1987). The only signifi- 
cant divergence is epitope tV, which was mapped to 
the amino acid sequence 1 7-200, or by cross-reactiv- 
ity with VSV-lnd G protein constructs, to positions 80- 
183, rather than sequences downstream from residue 
214 reported by Bricker etai., (1981). Although none 
of the amino acid substitutions in mutants resistant to 
neutralization by MAbs directed to epitopes VI, VII, and 
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Fig. 8. Summary map showing the postulated locations of the G-protein epitopes of VSV-Ind and VSV-NJ. The epitopes involved in binding 
the non-cross-reactive monoclonal antibodies to the G proteins are shown above the stick model for VSV-Ind and below the stick model for 
VSV-NJ. The epitopes involved in the binding of cross-reactive monoclonal antibodies to both VSV-Ind and VSV-NJ G proteins are shown between 
me two stick models. Arabic numerals designate the G protein epitopes of VSV-Ind and roman numerals are for those of VSV-NJ. The larger 
numbers denote the epitopes specific for neutralizing monoclonal antibodies. Regions with sequence homology of 75% or greater are shown 
as stippled areas. Black boxes represent the hydrophobic amino acids of the signal and transmembrane anchor sequences. Carbohydrate 
chains are indicated by circles above the stick models and the conserved cysteine residues by the letter c inside the boxed areas. 



VIII (Luo et a/,, 1988) occurred directly within the epi- 
tope sequences mapped here, all three were extremely 
close to the relevant MAb binding sites. The major ex- 
ception was the amino acid substitution Glu Lys at 
position 364 in the G protein of the mutant resistant 
to neutralization by epitope-V MAb1 1 , well outside the 
sequence 2 1 4-267 mapped as epitope V by binding of 
MAb1 1 to expressed products of deletion mutants and 
chimeras of the VSV-NJ G gene. One can only specu- 
late that an amino acid substitution at position 364 can 
alter the three-dimensional structure of the VSV-NJ G 
protein to such a degree that it alters the MAb binding 
capacity of epitope V ostensibly located within the 
amino acid sequence 214-267. 

Figure 8 demonstrates that none of the 1 1 VSV-Ind 
epitopes maps to the central region (amino acids 200- 
285) of the G protein as do all 9 VSV-NJ epitopes except 
epitopes III and IV, which cross-react with VSV-Ind G 
protein. One of the two domains for'the VSV-Ind G pro- 
tein epitopes is located within the first 200 N-terminal 
amino acids, comprising neutralizable epitopes 1 and 
4 as well as the nonneutralizable epitopes 10 and 1 1 ; 
a more detailed map location of epitopes 1 , 4, and 1 1 
can probably be assigned to a region of the VSV-Ind G 
protein extending from residues 80 to 183 based on 
cross-reactivity of these epitope-specific MAbs with 
partially homologous regions of the VSV-NJ G protein. 
All VSV-Ind epitopes located in the N-terminal domain, 



particularly epitopes 1 and 1 0, depend on an intact gly- 
cosylation site at residue 179, based on substantial 
loss in reactivity with monoclonal antibodies when 
Asn 1 79 of pWK2a is not glycosylated. This finding sug- 
gests that these epitopes may lie in close proximity to 
the glycosylation site at residue 1 79 or the carbohy- 
drate chain itself is responsible for the structural integ- 
rity required for recognition of the epitopes by the re- 
spective MAbs. Moreover, as in the case of the VSV- 
NJ epitopes, VSV-Ind epitopes 1 . 4, 10, and 1 1 depend 
on intact secondary structure of the G protein for anti- 
genic activity due, almost undoubtedly, to the pres- 
ence of 1 2 cysteine residues, and probably six disulfide 
bonds, in the region of the first 300 N-terminal amino 
acids. 

The seven remaining VSV-Ind G-protein epitopes are 
apparently clustered in a carboxydistal domain extend- 
ing from amino acid residue 286 to 428 (Fig. 8). In con- 
trast to the VSV-Ind epitopes in the cysteine-rich N-ter- 
minal domain, none of the carboxy-terminal epitopes 
depends on secondary structure for their antigenic re- 
activity except the neutralizable epitope 3, which may 
depend on the cysteine at position 300 for the second- 
ary structure which determines its antigenic reactivity. 
Presumably due to the absence of cysteine residues 
beyond position 300, all the other carboxy-terminal epi- 
topes of VSV-Ind G protein, including the neutralizable 
epitope 2, react with their respective MAbs equally well 
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in the reduced or the unreduced state. In contrast to 
the N-terminal epitopes, the carbohydrate chain at- 
tached to the asparagine residue at position 336 does 
not appear to influence the antigenic specificity of any 
of the carboxy-terminal epitopes, as demonstrated by 
retention of these epitopes in the mutant pWK2b. De- 
spite potential steric hindrance by this carbohydrate 
chain, the region adjacent to Asn336 gives rise to 
monoclonal antibodies directed to epitopes 6, 7. and 
9. In this respect, the VSV-Ind G protein differs from the 
influenza virus hemagglutin in (Skehel et ai, 1 984) and 
the rabies virus glycoprotein (Wunner era/., 1985), both 
of which lose certain antigenic determinants in mu- 
tants bearing additional carbohydrate chains. 

In partial conflict with our data, Vandepol etal. (1 986) 
located amino acid substitutions in the central, as well 
as the N-terminal and C-terminal region of VSV-Ind 
neutralization-resistant mutants. Not unlike our hy- 
pothesis for the VSV-NJ G protein, they postulate the 
existence of an antigenic loop for their major AI epi- 
tope located at the center of the VSV-Ind G protein. As 
noted above, allosteric influences on the complex 
three-dimensional structure of such proteins can alter 
antigenic specificities at sites far distant from muta- 
tional alterations. It should also be noted that the amino 
acid substitutions reported by Vandepol et ai (1986) 
and by Luo ef al. (1 988) in VSV-Ind and VSV-NJ G pro- 
teins, respectively, also result in altered charge that 
could affect conformation leading to altered antigenic 
reactivity of the two glycoproteins at sites distant from 
the mutations. Another possible contributing factor to 
the discrepancy in our results and those of Vandepol 
et al. (1 986) could be the fact that we are studying the 
glycoprotein of the San Juan strain of VSV-Ind, the se- 
quence of which (Rose and Gallione, 1981) differs in 
1 4 amino acids from that of the Mudd-Summers (MSB) 
strain used by Vandepol et ai (1986). Of course, we 
also used different monoclonal antibodies. 

In a summary of the data presented here, based on 
reactivity of specific monoclonal antibodies with ex- 
pressed products of deletion mutants and chimeras, 
the epitopes of the VSV-Ind and VSV-NJ glycoproteins 
map to different domains despite a considerable num- 
ber of shared epitopes and 509b amino acid sequence 
homology between the two glycoproteins. As pointed 
out by an astute reviewer of this paper, "it is not known 
whether any of the hybrid proteins or deleted proteins 
are transported properly" or aberrantly glycosylated; 
we cannot rule out this possibility but the carbohy- 
drate-deficient expression vectors suggest such anti- 
genic alterations are limited to a few epitopes. Clearly, 
precise location of antigenic determinants in these two 



glycoproteins must await detailed crystallographic 
analysis. 
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A vaccinia virus host range (hr) mutant unable to multiply in most human cell lines asr- 
sayed has been isolated after nitrous acid mutagenesis. This mutant also displayed various 
alterations in plaque morphology and cytopathic effect on permissive cell lines. The blpdt in ^ 
multiplication in human cells was at an early stage of infection. Only early cytoplasmic RNA 
and early viral-induced polypeptides could be detected and there was no evidence of mor- 
phological events within viroplasms. Protein synthesis constantly declined as infection 
proceeded suggesting either that early viral mRNA was unstable or that the mutant virus 
was defective in a step necessary for the maintenance of translation. Restriction enzyme 
digestion of DNA from the hr mutant revealed that it was deleted of about 12.6 x lO^ dal- 
tons in the left-hand end of the genome leaving intact a fragment containing the terminal 
crosslink. In both permissive and nonpermissive cells the mutant failed to induce the syn- 
thesis of an early 42K polypeptide which could thus be encoded within a region of the de- 
leted sequence. The failure to segregate the various phenotypic and biochemical properties 
of the hr mutant from one another through recombination with a temperature sensitive mu- 
tant indicated that the pleiotropic characteristics of the mutant virus were due to the dele- 
tion. 



INTRODUCTION 

Vaccinia virus has a very broad host 
range among the mammalian and avian 
cells that have been tested for its growth. 
This is partially explained by the consider- 
able autonomy the virus possesses due to 
the numerous viral functions coded for by 
its large genome (for a review see Moss, 
1974). Vaccinia virus is most likely also en- 
dowed with specific genes encoding for in- 
formation that enables it to cross species 
barriers. The existence of such genes has 
been suggested by the isolation of host 
range mutants of vaccinia virus (Tagaya et 
aL, 1961; Gangemi and Sharp, 1978) and 
the closely related rabbitpox virus (Gem- 
men and Fenner, 1960; McClain, 1965; 
Sambrook et al., 1966; Fenner and Sam- 
brook, 1966), Studies with host range mu- 
tants should allow both the identification of 
the polypeptides required for growth in 
various cell types, the determination of the 
function of these polypeptides and the lo- 
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calization of the genes coding for them on 
the virus genome. The purpose of this re- 
port is to describe the isolation and the phe- 
notypic and biochemical characterization of 
a vaccinia virus host range mutant that ex? 
hibits complete defectiveness in multiplica- 
tion only in certain human cells, 

MATE RIAL AND METHODS 

Cells. The following cell cultures were | 
used in this study; primary chick embryo fi-^ 
broblasts (CEF), hamster BHK 21, mouse! 
L and DBT cells, monkey primary kidneyj 
and CVi, human KB, Hep 2,^NCTC 2544,j 
Detroit 550 (American Type Culture Col-, 
lection CCL 109), human embryonic fibro-; 
blasts line 809 provided by Dr. BouS; 
(Paris), MRC 5 (ATCC, CCL 171), and twoi 
human embryo cell lines designated HEII 
and HE2 prepared in our laboratory. CellSi 
were grown in monolayers with Eagle'o 
basal medium or modifications of it and sup^l 
plemented with 10% calf serum. 

Vims, The vaccinia virus strain used ^ 
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this study was thought to be a Lister 
strain. However, restriction enzyme di- 
gests of viral DNA demonstrated that our 
strain was more closely related to a number 
of other vaccinia strains than to Lister (see 
Results). Research concerning its origin 
has revealed that it was derived from a Co- 
penhagen strain used for vaccination in 
Denmark and Holland. Prior to mutant iso- 
lation the virus was plaque purified on CEF 
monolayers. The virus stock obtained was 
submitted to nitrous acid (0.2 M) mutagen- 
esis for 8 min accolxiing to Fried (1985). 
Mutagen treatment reduced the virus titer 
(rom 3.5 x 10« to 9.3 x lO^. Mutagenized 
virus was then cloned by endpoint dilution 
on BHK cells at 29**. Out of 247 clones 
tested one was found to be temperature 
sensitive at 39.5° and another was the 
plaque morphology mutant, subsequently 
characterized as a host range mutant, de- 
scribed herein. The latter mutant was 
again plaque purified and stocks were pro- 
duced on BHK cells. 

Vaccinia virus recombinants harboring 
both the temperature sensitive mutation 
tSg (Drillien et aZ., 1978a) and the host 
range mutation were produced by mixedly 
infecting CEF monolayers with 5 PFU per 
cell of each mutant and incubating at 33° for 
24 hr. Recombinants were selected from 
the yield of the mixed infection in one of the 
following manners. 

(1) Plaques were formed under an agar 
overlayer on CEP at 33° for 3 days and 
their plaque morphology determined. The 
dishes were then shifted to 39. 5"* for 2 days. 
Plaques that exhibited the plaque morphol- 
ogy desired and failed to enlarge were 
picked. Two of the twelve plaques thus iso- 
lated actually bred true. 

(2) One hundred plaques were randomly 
picked from CEF infected monolayers and 
tested for temperature sensitivity on CEF 
and host range on the human 809 cell line. 
Three of them exhibited both host range 
and temperature sensitivity. 

Incorporation of labeled precursors into 
DNA and RNA. DNA and RNA syntheses 
were followed by pulse labeling infected or 
Ifninfected KB cell monolayers (about 
5 X lO^cells), respectively, with PH]thymi- 
dine (20 /xCi/ml) for 30 min or pHJuridine 



(10 /jtCi/ml) for 10 min at various intervals 
after infection. At the end of the labeling 
period cytoplasmic fractions were prepared 
?is previously described (DrilUen et aL, 
1977), precipitated with 10% trichloroacetic 
acid (TCA), collected on glass fiber filters, 
and counted. 

Protein synthesis and polyacrylamidB 
gel electrophoresis. Approximately 2 x 10^ 
cells were labeled with p*S]methionine (5 
^Ci/ml) for 2 hr. Cells were then recovered 
from the dishes and solubilized in 0.1 ml 
dissociating buffer (Tris -hydrochloride, 
0.05 M, pH 6.8), sodium dodecyl sulfate 
(2%), jS-mercaptoethanol (2%), glycerol 
(15%), and bromophenol blue (0.001%). 

Polypeptides were analyzed after heat- 
ing samples at 100° in a boiling water bath 
for 3 min. Equivalent amounts of labeled 
material were submitted to gel electro- 
phoresis on 10% polyacrylamide slab gels 
according to the technique described by 
Laemmli (1970) and Studier (1973). After 
electrophoresis, gels were stained vnth 
Coomassie brilliant blue, destained, and 
processed for fluorography (Bonner and 
Laskey, 1974). The dried gels were ex- 
posed to Kodak RP X-Omat film at -80**. 

Incorporation into protein was measured 
after TCA precipitation of aliquots onto 
Whatman 3 MM filter squares. The filters 
in 10% TCA were heated in a boiling water 
bath for 20 min, extensively washed with 
TCA, with ethanol, dried, and counted. 

Purification, restriction enzyme diges- 
tion, and agarose gel electrophoresis of 
viral DNA. The DNA from purified virus 
particles was extracted according to the 
procedure of Parkhurst and Heidelberger 
(1976) modified by McFadden and Dales 
(1979). DNA was digested with Hindlll 
(Bio Lab) for 4 hr at 37^ in 10 mM Tris-HCl 
(pH 7.4), 50 mM NaCl, 10 mM MgCl2,„14 
mM dithiothreitol. The reaction was 
stopped by adding an 0.5 vol of 50 mM 
EDTA, 10, mM Tris-HCl (pH 8), 50% su- 
crose, 0.125% bromophenol blue. DNA 
fragments were separated on horizontal 
slab gels of 0.6% agarose in 40 mM Tris- 
acetate (pH 8), 20 mM sodium acetate, 1 
mM EDTA. Electrophoresis was carried 
out overnight at 30 V and gels were stained 
with 1 fig/ml ethidium bromide. Fragments 
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were visualized with ultraviolet light and 
photographed. Lambda DNA digested 
with Hindlll (Boehringer Mannheim) 
served as a molecular weight marker. Ter- 
minal crosslinked fragments (Geshlin and 
Bems, 1974) were detected after agarose 
gel electrophoresis of digested DNA that 
had been submitted to denaturation with 
60% (v/v) formamide at 60** for 6 min fol- 
lowed by rapid cooling (Moyer and Rothe, 
1980). 

RESULTS 

Isolation and Phenotypic Characterization 

The host range mutant (hr) to be de- 
scribed in this study was originally isolated 
as a plaque morphology mutant during 
screening for temperature sensitive mu- 
tants in a nitrous acid mutagenized stock. 
The plaques produced by this mutant were 
smaller than the average wild-type plaque 
on BHK, CEF, and CVi cells. Moreover 
they could be distinguished from the occa- 
sional small wild-type plaque by the type of 
cytopathic effect produced. Whereas the 
wild type aggregated BHK and CEF cells 
so as to produce areas of clearing within the 
plaques of the monolayer the hr mutant 
failed to do so and plaques could only be 
identified due to reduced staining with neu- 
tral red. In CVi cells the hr mutant induced 
extensive polykaryocytosis (each plaque 
consisted of several multinucleate cells) not 
obtained with the wild type. 

The host range of the mutant was tested 
on 14 different cell lines (Table 1). The data 
illustrate that most of the human cell lines 
tested, epithelial or fibroblastic, trans- 
formed (KB) or diploid (809), were nonper- 
missive since no increase in titer was found 
after 36 hr of infection. In several cases as- 
sayed (KB, 809) no plaques could be de- 
tected on hr-infected monolayers even at 
high m.o.i. The host range phenotype was 
also found to be independent of the tem- 
perature of the experiment. In contrast to 
the above results two human embryo cell 
lines (HEl, HE2) were permissive for mu- 
tant growth albeit to a very limited extent. 
The monkey cells that were assayed for hr 
multiplication (one primary cell culture and 
one continuous cell line) were less permis- 



TABLE 1 

Multiplication** of Vaccinia Vmus brDc: 
AND Wild Type in eJipferent Cm^ fc; 

Virus . . 



CeUtype 


wt^ 


hr 




IXXAlllCUl 








KB 


2C0 


0.6 




Hep 2 


800 


0.2 


c 


NCTCWi 


454 


0.1 




Detroit 550 


428 


0.2 


■ ex' 


809 


200 


0;3 


' ■ c,;; 


HE, 


1230 




■■ ' ■ 


Hes 


714 


24 




MRC5 


333 


2.3 




Monkey 








Primary kidney 


714 


26 




CV, 


860 


80 


' M 


Mouse 








L 


m 


400 




DBT 


100 


67 


m 


Hamster 








BHK 


625 


300 


48 


Chick 








CEF 


1600 


882 





" Cell monolayers were infected at "an €^pjPOHfrr ' 
multiplicity of 0.1 PFU per cell for 36 hr at S^. : 
values determined for the wild-type and the hr mufer: ; 
represent the ratio of the titers obtained after S3 F: 
of infection over the titer in the cultures at the end 
the adsorption period. 

* The percentage was obtained by dividing the ii> 
tios obtained for the hr mutant by those obtained fe? 
the wild type. xlOO. 



sive than cells of hamster, mouse, or chte 
origin and may be considered as semipsi^ 
missive compjured to the latter. The titsE: 
obtained with the hr mutant on permissivG 
cells were often slightly lower than wiM^ 
type titers tKis being in agreement m& 
the fact that plaques produced by the mi^ 
tant were usually smaller than wild-typ 
plaques. The existence of three kinds ofi^ 
fections with the mutant virus either ^ 
missive, semipermissive, or nonpermissiw 
is clearly illustrated in comparative growfe | 
curves (Fig. 1). Regardless of the ra.oX ' 
the hr mutant always increased to titeifQ 
about 10-fold lower than the wild typs to 
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0,02 
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0.05 
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0.15 
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Fig. 1. MultipUcation of the hr mutant and the wild type in three different cell types. CeU mono- 
layers were infected either with the wUd type (O) or with the hr mutant (•) at a multipUcity of Q.l 
PFU per ceU and at the indicated times, infection was arrested by freezing the cultures. The titers 
were subsequently determined by the plaque assay on BHK monolayers. (A) Chick embryo; (B) mon- 
key CV 1 cells; (C) human KB cells. 



CV 1 cells and failed to multiply at all in KB 
cells. 

Defectiveness of Early Events in hr-In- 
fected Nonpermissive Cells 

The nonpermissive human KB cell line 
was chosen for analysis of the various 
stages of vaccinia virus development. Ex- 
periments were carried out to determine 
both the amount of cytoplasmic RNA and 
DNA syntheses as well as the amount of 
total protein synthesis after infection with 
the wild-type or the hr mutant (Fig. 2). 
Early after infection with the hr mutant 
(up to 90 min) cytoplasmic RNA synthesis 
was enhanced relative to mock-infected 
cells to a similar extent as in the wild-type 
infection whereas after this period only 
wild-type-infected cells exhibited a high 
level of RNA synthesis (Fig. 2a). This indi- 
cates that early but not late transcription of 
the hr genome occurred. Cytoplasmic DNA 
synthesis was considerably lower in hr than 
in wild-type-infected cells (Fig. 2b). Thus 
the very low level of hr DNA synthesis 
may explain the lack of late RNA. With re- 
gard to total protein synthesis there was a 



progressive decline in amino acid incor- 
poration in hr-infected relative to the wt- 
infected cells as infection proceeded (Fig. 
2c). A similar decline was observed in hr- 
infected cells but not in wild-type-infected 
cells when late events were prevented by 
inhibiting DNA synthesis with cytosine 
arabinoside (not shown). This implies that 
protein synthesis did not cease in hr-in- 
fected cells, due to the absence of an early 
to late switch but rather that some other 
defect in maintaining a high level of protein 
synthesis was involved. During the first 2 
hr after hr infection a number of viral-in- 
duced polypeptides of molecular weights 
similar to those induced in wild-type-in- 
fected cells could be detected (Fig. 3A). 
Thus most early viral polypeptides, further 
characterized by their appearance in the 
presence of cytosine arabinoside (Fig. 3B), 
were synthesized in hr-infected cells. Two 
early viral-induced polypeptides migrating 
between 20 and 30K daltons and detected 
only in the presence of cytosine arabinoside 
were barely labeled in hr-infected cells. 
The failure to detect enhanced synthesis of 
these early polypeptides after hr infection 
may be a consequence of the rapid inhibi- 
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Fig. 2. RNA, DNA, and protein syntheses in KB cells infected with the hr mutant and the wild 
type. KB cells were infected with 20 PFU per cell (A) or 10 PFU per cell (B and C) either with the hr 
mutant (O) or the wild type (O). At the indicated times cells were pulse labeled with pHJuridine for 10 
min in (A) with pH]thymidine for 30 min in (B) or with ["S]methionine for 2 hr in (C). Radioactivity ' 
incorporated into RNA (A), DNA (B), and protein (C) was then determined as described under Mar 
terials and Methods. {□, mock infection.) ^ 

tion of overall protein synthesis that occurs DNA Deletion in the hr Mutant \ \ 

with the hr mutant even in the presence of 

cytosine arabinoside or to the reduced in- The determination of the frequency of fe* 
tensities of all the bands in mutant-infected version of the hr phenotype to the wild- 
cells. Another early polypeptide (42K) was type phenotype should allow a prelimteay 
apparent in wt-infected cells whereas in hr- evaluation as to whether the mutant pheno- ' 
infected cells only a background level, that type is due to a point mutation or a defe* j 
may correspond to a host polypeptide, was tion. To investigate this question L5 x W 
observed. The absence of synthesis of this PFU of the hr mutant were plated on mm- \ 
polypeptide has also been noticed in hr in- permissive cells (KB cell monolayers) at a= 
fected permissive cells (see below). All sufficiently low multiplicity of infection to \ 
pnolypeptide species appearing late in infec- avoid cell necrosis and enable the visualizfe* ; 
tion with the wild type were absent in hr- tion of potential revertant plaques. Under 
infected cells. these conditions no plaques were obtain^ \ 

Electron microscopy confirmed that the suggesting that the mutation was due to a 

hr mutant was interrupted in an early deletion or more unlikely to a point mutsr \ 

stage of infection (Fig. 4). Cytoplasmic foci tion with an extremely low reversion fire- | 

of infection corresponding to areas devoid quency (less than 10"^). Comparison of tka v 

of cell organelles and often surroxmded by DNA from viral particles by velocity sedt \ 

rough endoplasmic reticulum were fre- mentation in neutral sucrose gradients - 

quently observed; however, evidence of demonstrated that hr DNA was small^ | 

early assembly products such as mem- than wt DNA by about 1/lOth of the vae- | 

branes or immature particles was not ob- cinia genome (results not shown). This was | 

tained. In some cases dense aggregates confirmed by agarose gel electrophoretis f 

which could correspond either to input analysis of viral DNA that h^ been | 

DNA or to the low level of newly synthe- digested with . the restriction enzym® | 

sized DNA were foimd within the viro- //indlll (Fig. 5a). The pattern obtained 

plasms (not shown). with our wild type corresponded closely to, | 
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Fig. 4. Electron microscopy of wild-type and hr-infected KB cells. KB cells were infected with 1 
PFU per cell for 24 hr either with the hr mutant (A) or the wild type (B) and processed for electron 
microscopy (x 12,240). A typical viroplasm (V) is apparent in (A) Aitows indicate endoplasmic reticu- 
lum that in some cases completely surrounds the viroplasm. In (B) numerous mature viral particles 
are visible. 





cells. KB cells were infected with 1 
i type (B) and processed for electron 
I Arrows indicate endoplasmic reticu- 
(B) numerous mature viral particles 
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Fig. 5. HmdIII digestion of vaccinia virus DNA. 
(A) DNA was digested with HindUl and subjected to 
agarose gel electrophoresis as described under 
Methods, wt, Wild type; ts, ts, mutant; hr, host range 
mutant; hr/ts, recombinant displaying both host range 
and tsj phenotype. (B) Terminal crosslinked frag- 
ments from the same viral strains as in (A) Restriction 
enzyme digests were denatured and rapidly rean- 
nealed before agarose gel electrophoresis as described 
under Methods. Arrows on the left of (A) and (B) indi- 
cate the lettering of fragments in the order of their 
molecular weights. Arrowheads on the right of (A) 
and (B) point to modifications (either a new fragment 
or missing fragments) in the hr and hr/ts mutants. The 
HindUl restriction map below the gel is reproduced 
from Mackett and Archard (1979). 



served mainly the terminal snap back frag- 
ments B and C from the wild type while in 
the hr digest the B fragment and the new 
fragment migrating between F and G were 
prominent (Fig. 5b). Thus this fragment is 
the new crosslinked terminal fragment in 
hr DNA. The size of the deletion in the hr 
mutant was estimated to be about 12.6 me- 
gadaltons by summing the apparent molec- 
ular weights of the various HindUl frag- 
ments (Table 2). 



Lack of Synthesis of an Early Viral-In 
duced Polypeptide in hr-Infected Per- 
missive Cells ■ \ 

Deletion of DNA in the hr mutant could 
result in failure to synthesize certain viral 
polypeptides provided the deleted regipn is 
not repetitive information and actually 
codes for protein. This aspect was inves^y : 
gated by following polypeptide synthesis^ 
after infection of permissive BHK cells 
(Fig. 6a). Most of the viral-induced poly- 
peptides detected in wild-type-infected 
cells were found in hr-infected cells with 
similar intensities and at similar periods 
after infection with one major exception 
being the 42K species. This polypeptide ap- 



TABLE 2 

Fragments Produced by Hindlll Digestion of 
DNA FROM Vaccinia Virus Wild-Type and 
THE hr Mutant 

Apparent molecidar 
weight (xlO-«) 



Fragment 



Wild type 



hr 



A 


30 


30 


B 


19.5 


19.5 


C 


14 




D 


9.8 


9.8 


E 


9.6 


9.6 


F 


8.7 


8.7 


F' 




6.6 


G 


5.7 


5.7 


H 


5.6 


5.6 


I 


4.2 


4.2 


J 


3.2 


3.2 


K 


2.9 




L 


2.6 


2.6 


M 


1.4 




N 


0.9 




0 


0.8 


0.8 


Total 


118.9 


106.3 



NoU, Molecular weights were determined from the 
gel shown in Fig. 5 by comparison with a Hindlll 
lambda DNA digest run on the same gel. To fadUtate 
comparison, lettering of the hr fragments correspond- 
ing to wt fragments is conserved. The F' fragment 
is the new left end terminal crosslinked fragment 
found in the hr mutant. 
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Fig. 6. Polypeptide induction in permissive BHK 21 and semipennissive CVi cells after infection 
with the wild-type or hr mutant. Cells were either mock infected (U) or infected with approximately 
10 PFU per cell of the hr mutant (H) or the wild type (W). At the indicated intervals cells were pulse 
labeled with p*S]methionine. Following labeling cell lysates were submitted to gel electrophoresis as 
described under Methods. In one case infected cells were incubated in the presence of cytosine ara- 
binoside (CAR 10"^ M) from the beginning of the infection and labeled at the sixth hour postinfection. 
(A) BHK 21 cells; (B) CV, cells. The scale on the left indicates the apparent molecular weights (x 10-») 
of polypeptides. The stars show the position of the 42K polypeptide present in wild-type-infected cells 
and missing in the hr-infected cells. 



peared early after infection with the wild 
type and its synthesis was shut off at later 
times. When viral DNA synthesis was in- 
hibited by addition of cytosine arabinoside 
to the culture medium the 42K polypeptide 
continued to be synthesized even later in 
infection with the wild type whereas it was 
apparently lacking in hr-infected cells (Fig. 
6a). The absence of synthesis of the 42K 
species 'was also clearly demonstrated in 
hr-infected CV 1 cells in which no other al- 
teration in polypeptide induction could be 
detected (Fig. 6b). 



Temperature'Sensitive hr RecomhimidQ 
Retain all hr Properties 

If the various characteristics of the to 
mutant (plaque morphology, host rang^ 
lack of synthesis of the 42K polypeptide) 
are not all due to the deletion that has been 
identified, nor to closely linked indepen- 
dent mutations, it should be expected that 
these phenotypes segregate firom one an- 
other upon recombination. Therefore, we 
analyzed the properties of five recombi^ 
nants obtained between the hr mutant and 
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Fig. 7. Induction of the 42K polypeptide after infec- 
tion with the wild-type or various mutants. BHK 21 
cells were infected with 5 PFU per cell in the presence 
of cytosine arabinoside {10~^M). After 6 hr of infection 
cells were pulse labeled for 2 hr with ["S]methionine 
and then cell lysates were submitted to gel electro- 
phoresis as described under Methods. The intensities 
of the bands in the autoradiograms were determined 
by densitometry with a Vernon spectrophotometer. 
For clarity only the region flanking the 42K polypep- 
tide is shown. Infection was with the wild type (wt), 
the ts, mutant (ts« ), the hr mutant (hr), a recombinant 
bearing the tsj and the hr mutation (tSj hr), and unin- 
fected cells (U), 



a previously characterized unlinked tem- 
perature sensitive mutant (tsa). All of the 
tSj hr recombinants selected either for host 
^ange or for plaque morphology displayed 
both host range (failure to multiply in KB 
or 809 cells) and plaque morphology (small 
plaques, fusion of CV 1 cells). Moreover all 
five recombinants failed to synthesize the 
42K polypeptide in BHK cells (Fig. 7, re- 
sult shown for one recombinant) and among 
the four recombinants tested all exhibited 




Hindlll restriction patterns » identical to 
the hr mutant (Fig. 5, result shown for one 
recombinant). a 



DISCUSSION ^ 

The results obtained in this: studji^ 
gest that the sequences deleteid|fe^^ 
mutant encode information invoi^^l^^^^ ,^ 
determination of both the host rauntg|^d'| 
the cytopathic effect of vaccinia vun^^^^^ 
is supported by the fact that th^^^^^^^i 
genes during recombination betw6En^fei(E|H^ ' 
mutant and a ts mutant failed to Sfegregdjbe 
any of the original hr properties. That su<?K 
a large deletion encompassing 10% of the 
genome results in a variety of phenotypes 
is not surprising. Interestingly enough 
complete host range restriction of the mu- 
tant seems to be limited as far as tested to 
human cells. The only exception being 
some of the human embryo cells which 
were found to be semipermissive. Prelimi- 
nary results suggest that this corresponds 
to the presence of a small number of per- 
missive cells within the population rather 
than to the semipermissiveness of all cells. 
Monkey cells, the most closely related phy- 
logenetically to human cells, were semiper- 
missive. Therefore it is possible that the hr 
mutation affects genes that are required 
specifically for efficient multiplication of 
vaccinia virus in primate cells although fur- 
ther work is necessary to establish this. 

Abortiveness of the hr mutant in human 
KB cells appears to be due to a defect ei- 
ther in the stability of early viral mRN A or 
at the level of translation. Thus, although 
early viral mRNA and protein synthesis 
occur to a certain extent the very rapid de- 
cline in overall protein synthesis implies 
the arrest of hr gene expression. In this re- 
spect the hr mutant behaves in human x^ells 
much as our wild-type vaccinia virus in Chi- 
nese hamster ovary cells (Drillien et aL, 
1978b). On the basis of electron microscopy 
the hr mutant is similar to the group B tem- 
perature sensitive mutants described by 
Dales et al (1978). 

The lack of synthesis of the early 42K 
polypeptide in BHK and CV 1 cells indi- 
cates that this polypeptide is nonessential 
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in cells permissive for the hr mutant. It is 
likely that the gene encoding the 42K spe- 
cies maps within the hr-deleted sequences. 
Wittek et aL (1980) have recently shown 
that the vaccinia virus-inverted terminal 
repeats of approximately 6.8 x 10® daltons 
in length encode among several other pro- 
teins an immediate early 42K polypeptide. 
If this polypeptide is identical to the one 
missing in hr-infected ceDs then the hr de- 
letion presiunably overlaps the left-hand 
terminal repeat. In this case either the 
right-hand end also contains an as yet un- 
detected symmetrical deletion in the ter- 
minal repeat as has been foimd for some 
spontaneously arising vaccinia mutants 
(McFadden and Dales, 1979) or the right- 
hand sequence remains silent. The fact that 
a deletion of 12.6 x 10« daltons of DN A re- 
sults in the absence of synthesis of only a 
single polypeptide may be accounted for by 
the detection of only a fraction of the viral- 
induced polypeptides. It is expected that 
the use of higher resolution methods should 
allow the identification of other minor poly- 
peptide species missing in infections with 
the hr mutant. 

Extensive deletions in the terminal se- 
quences of mutants of the closely related 
rabbit pox virus have been previously de- 
scribed (Moyer and Rothe, 1980; Lake and 
Cooper, 1980). The white pock host range 
mutants contain spontaneous deletions 
mapping in the left-hand end where they 
may overlap the terminal repeat and en- 
compass from 3 to 20 X 10® daltons (Moyer 
and Rothe, 1980). In the white pock u mu- 
tants deletions were detected in the right- 
hand end (Lake and Cooper, 1980). In a 
white pock mutant of the red cowpox virus 
a deletion in the right-hand end of 16 to 
18 X 10® daltons including the entire termi- 
nal repeat has been described (Archard and 
Mackett, 1979). White pock mutants of the 
monkeypox virus have also recently been 
shown to be either extensive deletions at 
the right-hand end or complex rearrange- 
ments involving DNA insertions at both 
ends (Dumbell and Archard, 1980). Our re- 
sults demonstrate that vaccinia virus like 
the other poxviruses mentioned above con- 
tains a considerable amount of dispensable 



information that can include as much 
10% of the genome and further support th*i 
notion that terminal sequences in tWs |)of1 
viruses determine host' range and various 
cytopathic effects. 
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Recombinant vaccinia virus expressing the influenza 
virus haehiagglutinin (HA) or nucleoprotein (NP) 
genes from A/SW/Hong Kong/ 1/74 (HlNl) under the 
control hybrid promoter containing the P7.5 early 
prompter element and promoter of the gene encoding 
the major protein of cowpox virus A type inclusion 
body was constructed to investigate protective immun- 
ity against homologous and heterologous viruses in 
mice. These recombinant vaccinia viruses produced 
authentic influenza virus HA and NP in infected cells. 
The recombinant vaccinia virus-influenza virus HA 



conferred efficient subtype-specific protection al- 
though mice challenged with heterologous influenza 
viruses underwent initial infection. By contrast, immu- 
nization with the recombinant vaccinia-influenza virus 
NP limited virus muhiplication in the lungs against 
challenge infection with all HlNl and H3N2 influenza 
viruses examined, although less efficiently. These 
results will prompt the re-examination of the possi- 
bility of using the recombinant vaccinia virus-influenza 
virus NP as a cross-protective vaccine 



Antibody-mediated immunity to influenza virus is 
strain- or subtype-specific, whereas cell-mediated 
immunity is cross-reactive among type A influenza 
viruses (Askonas et aL, mi; Ada et al., 1983; Ada & 
Jones, 1986). The major protective antibody is directed 
against the envelope glycoprotein haemagglutinin (HA). 
Influenza virus HA-specific antibody neutralizes infec- 
tivity of the virus in vitro and protects mice from 
challenge infection with homologous virus (Askonas et 
fl/., 1982). On the other hand, cytotoxic T lymphocytes 
(CTL) recognize the nucleoprotein (NP) as a cross- 
reactive antigen and aid virus clearance from the host 
(Ennis et aL, 1978; Yewdell et ai, 1985; Taylor & 
Askonas, 1986; McMichael et al., 1986; Gotch et al., 
1987). Previous studies demonstrated that recombinant 
vaccinia virus expressing influenza virus HA elicits 
Wrus-neutralizing antibody and subtype-specific CTL 
(Panicali et al., 1983; Smith et al., 1983; Bennink et al., 
1984; Coupar et al., 1986), and that recombinants 
expressing NP stimulate cross-reactive CTL (Yewdell et 
< 1985). The protective eflScacy of HA and NP against 
homologous virus has been evaluated; vaccinia-HA 
recombinant virus affords total protection against lethal 



challenge infection, but vaccinia-NP virus provides 
poor protective immunity (Andrew et al., 1987; Andrew 
& Coupar, 1988; Stitz etaL, 1990). Since the antigenicity 
of influenza virus changes with time, protection against 
heterologous virus is of considerable importance for the 
development of an influenza vaccine. 

In this study, we constructed new recombinant 
vaccinia virus expressing either the influenza virus HA 
or NP gene under the 'control of a hybrid cowpox- 
vaccinia virus promoter with enhanced promoter activ- 
ity and have investigated the protective efficacy of these 
two recombinant vaccinia viruses against challenge 
infection with homologous and heterologous influeiiza 
viruses. 

To construct the recombinant vaccinia viruses, full- 
length cDNA was synthesized from purified viral RNA 
of A/SW/Hong Kong/1/74 (SW/HK) (HlNl) by using 
the universal primer 5'AGCAAAAGCAGG comple- 
mentary to the 3' terminus of viral RNA. The cDNA of 
either the HA or the NP gene was ligated with an EcoRI 
linker and inserted into the EcoRl site of plasmid 
pSFB5, which contains the flanking HA gene sequence 
of vaccinia virus for homologous recombination with the 
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vaccinia virus genome at the HA locus and four unique 
sites for the insertion of a foreign gene downstream from 
a hybrid cowpox-vaccinia virus promoter. The resultant 
plasmids, pSHAl and pSNPl, were used to generate 
recombinant viruses vSHAl (HA-expressing recom- 
binant virus) and vSNPl (NP-expressing virus), respec- 
tively, as described previously (I tamura era/., 1990 a). The 
protein expressed from the recombinant vaccinia viruses 
was analysed using a radioimmunoprecipitation assay 
with antiserum specific for SW/HK virus (Fig. 1). A 74K 
polypeptide was detected in vSHAl -infected cells, and it 
appeared similar in size to the glycosylated, uncleaved 
influenza virus HA. In vSNPl -infected cells, a 56K 
polypeptide was observed, corresponding to the expected 
size of influenza virus NP. Immunofluorescence studies 
indicated that the HA expressed ' from vSHAl was 
transported to the cell surface and, in contrast, the NP 
expressed from vSNPl was predominantly localized in 
the nucleus (data not shown). We observed haemadsorp- 
r don of chicken erythrocytes and trypsin-activated, acid- 
^iftBueible cell fusion by vSHAl -infected cells, but not by 
"vSNPl-infected ceils (data not shown). Thus the recom- 
binant vaccinia viruses were found to express function- 
ally authentic influenza virus HA from vSHAl and NP 
from vSNPl. 

To examine the protective ability of the recombinant 
vaccinia viruses against homologous virus, groups of 
ddY mice were immunized intravenously (i.v.) with 10'' 
p.f.u. of either vSHAl, vSNPl or insert-free vaccinia 
virus WR(HA-), and 21 days later were challenged with 
an aerosol mist of SW/HK virus by using a jet nebulizer 
(Nihon Clea). In this experiment, no group of mice 
showed any symptoms of morbidity or pathological 
changes in the lung. Table 1 shows virus multiplication 
in the lungs of immunized mice after challenge with 
SW/HK virus. All mice immunized with vSHAl were 
completely protected from infection. By contrast, immu- 
nization with vSNPl did not protect mice from infection 
but reduced the lung virus titre on day 7 when compared 
with the immunization effect of WR(HA-), although its 
efficiency was lower than that with vSHAl. We also 
examined serum neutralizing antibody titres against 
SW/HK virus in vaccinated mice prior to challenge 
infection (Table 1). The recombinant virus vSHAl 
induced high levels of serum neutralizing antibody in 
mice but vSNPl and WR(HA-) did not produce 
detectable levels. 

To analyse the efficacy of heterotypic protection by 
recombinant vaccinia viruses, we used two heterologous 
viruses, A/Yamagata/ 120/86 (Yam) (HlNl) and A/Si- 
chuan/2/87 (Sic) (H3N2) as challenge viruses. Although 
the heterologous virus Yam belongs to the same serotype 
as the homologous SW/HK virus, it is antigenically 
distinct. The ddY mice (11 per group) immunized with 
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Fig. 1. Radioimmunoprecipitation analysis of protein expressed fini 
vSHAl and vSNPl. CV-1 cells were infected at 10 p.f.u./ccfl witll 
vSNPl Oanes 1 and 2) or vSHAl (lanes 3 and 4); 4 h post-infection (pi) 
the infected cells were labelled with 50 \iCi of ("Slmethiooiie 
(100 nCi/ml). At 15 h p.i., cells were disrupted and the lysate wasoied 
in an immunoprecipitation reaction with normal rabbit serum Qam I 
and 3) or rabbit anti-SW/HK virus serum (lanes 2 and 4). as described 
previously (Itamura et al, 1990a). Immunoprecipitates were dectfo- 
phoresed on a 12% polyacrylamide gel containing SDS and flwfo^ 
graphed. markers are indicated on the left. 



vSHAl, vSNPl or WR(HA-) were chaUenged with an 
aerosol mist of 3 LD50 Yam virus 21 days post- 
immunization. All mice inmiunized with vSHAl 8tt^ 
vived the lethal chaUenge but showed some signs rf 
morbidity such as lethargy, hunching, weight loss aod 
rapid respiration. Immunization with vSNPl 
protected mice from the lethal challenge (73%) and 
caused morbidity in all mice according to the above 
criteria. Almost all mice (82%) immunized with 
WR(HA-) had died by day 12 with this challenge dose. 
The weight loss in mice immunized with ^^^^^ *ff 
recovered earlier than that in mice protected by vSNPI 
(data not shown). The challenge virus was detected in the 
lungs of all mice immunized with vSHAl, vSNPl 
WR(HA-) on days 3 and 5 (Table 1). However, 
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liable 1. Protection from challenge infection of influenza viruses in mice* immunized with 
Mfccombinant vaccinia viruses 

1 Pulmonary virus titrej 

Oogio pXu./ml) 



Challenged 


Vaccinated 


Neutralizing! 






day 7 


with 


with 


antibody titre 


day 3 


day 5 


SW/HK (HlNl) 


vSHAl 


8192 


<20 


<20 


<20 


vSNPl 


<32 


5-4 


4-7 


2-7 




WR(HA-) 


<32 


5-3 


5-1 


3-7 


Yam (HIND 


vSHAl 


32 


6-2 


4-8 


<20 


vSNPl 


<32 


6*3 


5-9 


2-7 




WR(HA-) 


<32 


70 


6-2 


4-8 


Sic(H3N2) 


vSHAl 


<32 


6-2 


60 


4-4 


vSNPl 


<32 


60 


5*9 


<20 




WR(HA-) 


<32 


61 


5-9 


4-8 



• ddY outbred mice (obtained from Japan SLC) were challenged with the indicated virus 21 days after 
immunization with the recombinant or the control WR(HA"). 

f Neutralizing antibody titres against challenge viruses were determined in pooled sera from four to six 
Immunized mice prior to challenge using the 50% reduction of plaque formation assay. The neutralizing 
intibody titre was expressed as the reciprocal of the serum dilution causing 50% reduction of plaque 
formation. 

} Homogenates (2 ml/lung) of three pooled lungs per group were titrated on MDCK monolayer cells 
essentially as described previously (Tobita et al., 1975). 

tor cells were harvested after 5 days and assayed for 
specific cytotoxicity using a ^^Cr release assay as 
described previously (Itamura et al, 19906). Both the 
vSHAl and vSNPl primed subtype-specific CTL and 
strong cross-reactive CTL, respectively (Table 2). 

Immunization with vSHAl expressing influenza virus 
HA provided eflicient protection from challenge infec- 
tion in a subtype-specific manner. Challenge infection 
with the homologous virus was completely abolished by 
immunization with vSHAl, whereas inmiunization with 
vSHAl did not protect mice from infection with 
heterologous HlNl viruses although it reduced the lung 
virus titre. Amino acid sequence identities of HA (HAl 
coding region) between SW/HK and Yam, and SW/HK 
and PR8 are 74-8% and 80-4% (SugiU et ai, 1991; A. 
Endo, unpublished results). Similar subtype-specific 
protection by the recombinant vaccinia virus or fowlpox 
virus expressing avian influenza virus HA (H5) has been 
reported previously and the lowest sequence identity 
between vaccinated and challenge virus HA is still 85% 
(Chambers et ai, 1988; Taylor et a/., 1988). 

Our results demonstrate the widest range of hetero- 
typic protection. Since immunization with vSHAl com- 
pletely protected the lung from challenge infection with 
the homologous virus and produced high levels of virus- 
neutralizing antibody, the most plausible mediator of 
protection against the homologous virus is virus- 
neutralizing antibody. Undetectable levels of neutraliz- 
ing antibody have been demonstrated to be valid for 
protection against challenge infection with influenza 
virus (Chambers et aL, 1988; Andrew & Coupar, 1988; 
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1 multiplication of the challenge virus in the lung was 
1 reduced on days 5 and 7 in mice inmiunized with vSHAl 
I and vSNPl. The rate of reduction of lung virus titre in 
I vSHAl -immunized mice was greater than that in 

vSNPl-immunized mice. vSHAl -immunized mice had 
jlow titres of serum neutralizing antibody against Yam, 
Hut those immunized with vSNPl and WR(HA") had no 
jdetectable levels of antibody. Similar protection was 
^ observed when mice were challenged with a low lethal 
jdose of A/PR/8/34 (HlNl) virus which is also antigeni- 

cally distinct from the homologous SW/HK virus (data 

not shown). 

I Next, immunized mice were challenged with Sic, 
which has a different serotype, as described above. In 
contrast to the protection from challenge with Yam 
^inis, mice immunized with vSHAl failed to reduce the 
filing virus titre when compared with WR(HA")-immu- 
aized mice (Table 1). However, immunization with 
;vSNPl was still effective in terms of reduction of the 
virus in the lung on day 7. Serum neutralizing antibody 
igainst Sic virus was not detected in any mice 
limmunized with vSHAl, vSNPl or WR(HA-). 
; To elucidate the mediator of protection from virus 
fnuhiplication in the lung of mice immunized with 
vSHAl or vSNPl, we analysed the ability of the 
recombinant vaccinia viruses vSHAl and vSNPl to 
• Prime an influenza-specific CTL response. BALB/c (H- 
U**) mice were immunized i.v. with 10'' p.f.u. of the 
^recombinant vaccinia virus. Two weeks later, their 
spleens were removed and restimulated in vitro with 
SW/HK-infected splenocytes from BALB/c mice. Effec- 
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Table 2. Ability of recombinant vaccinia viruses to prime 
influenza virus-specific CTL response 



Specific cytotoxicity (%) to target cells 
infected with the following vinisf 



4i 



Primed 




SW/HK 


Yam 


Sic 






with 


E/T* 


(HlNl) 


(HlNl) 


{H3N2) 


B/Yam 


Mock 


vSHAl 


80 


34-9 


22-8 


10*4 


9-4 


10-5 




40 


27-3 


17*3 


71 


4*3 


7*9 




20 


15-5 


14*1 


41 


M 


71 


vSNPl 


80 


46-4 


42*3 


210 


4-0 


8-7 




40 


34-1 


33-4 


16*0 


1-4 


8*6 




20 


28-4 


19-2 


51 


21 


3-3 



* E/T, Effector-to-target ratio. 

t Cytotoxic activity of secondary in vitro stimulated splenocytes from 
BALB/c mice primed with vSHAl or vSNPl were measured against 
mastocytoma P815 (H-2**) cells infected with influenza viruses, 
SW/HK, Yam, Sic and B/Yamagata/ 16/88 (B/Yam) or uninfected 
(Mock) cells. Cytotoxicity was expressed as the percentage of specific 
^*Cr release from target cells. 



Hunt et al., 1988). Therefore, virus-neutralizing antibody 
also may play an important role, even against heterolo- 
gous HlNl viruses, in the reduction of lung virus titre. In 
addition, CTL also may contribute to clearance of 
heterologous HlNl viruses from the host. 

Immunization with vSNPl expressing influenza virus 
NP reduced virus multiplication in the lungs of mice 
challenged with all type A influenza viruses examined, 
but it was less efficient although more cross-protective 
than immunization with vSHAl. Immunization with 
vSNPl did not reduce the initial rate of replication in 
challenged mice and did not induce detectable neutraliz- 
ing antibody, but it primed a cross-reactive CTL 
response against type A influenza viruses. These findings 
suggest that the protection conferred by vSNPl is 
mediated by cross-reactive CTL. The above speculation 
is also supported by the following previous findings: (i) 
NP-specific antibody has no virus-neutralizing activity 
(VireUzier et al., 1979), (ii) CTLs aid in limiting viral 
replication and dissemination (Ennis et ai., 1978), 

(iii) NP is a major target antigen for cross-reactive 
anti-influenza A virus CTLs (Yewdell et al, 1985) and 

(iv) adoptive transfer of NP-specific CTL clones con- 
fers cross-protection from lethal challenge (Taylor & 
Askonas, 1986). Previous studies showed that mice vac- 
cinated with the recombinant vaccinia virus expressing 
NP are poorly protected from mortality and morbidity 
(Andrew et ai, 1987; Andrew & Coupar, 1988; Stitz et 
ai, 1990). Reduction of lung virus titre by vSNPl seems 
to be more efficient than that by the recombinant 
vaccinia virus reported previously (Andrew et ai,, 1987). 



The difference in protective efficacy may bs c^iat^ lo 
the insertion site in /the vaccinia vims gestome, the 
vaccinia virus promoter or the molecular species of the 
NP gene used for the construction of xccombinam 
vaccinia virus. In our recombinant viruses^ we the 
HA gene locus as an insertion site, the;NP g@ae of 
SW/HK virus and the new ATI-P7.5 hybrid pircmotcr 
(containing the P7.5 early promoter elemenC mi the 
promoter of the gene encoding the major pmtmn <rf 
cowpox virus A type inclusion body), which directed 
enhanced expression at both eariy and Me phases of 
infection (S. Funahashi & H. Shida, uap^iiblisked 
results). In a previous study, the recombinant vao£?inia 
virus was constructed to express the influenza NF geoe 
of A/PR/8/34 (HlNl) virus under the control of 2ke PT.5 
promoter from the thymidine kinase (TK) gens locus 
(Andrew et ai, 1987) . Indeed, we observed the efet of | 
insertion sites (vaccinia virus TK and HA gene Hod) on ] 
the ability of recombinant vaccinia viruses to primg ai^ j 
influenza virus H3-specific CTL response (Itamm ■ 
a/., 1990fc). Recent studies also revealed that inductaoa^f | 
CTL is profoundly affected by the molecule spmef j 
expressed from recombinant vaccinia virus, by fe j 
temporal expression and its degradation (Coupar et d.^. 
1986; Townsend fl/., 1988). 

Influenza viruses change antigenically with time in ai - 
unpredictable way; therefore, a vaccine able to ©HdlJ 
cross-reactive immunity would be of advantage. AI 1 
though it has been suggested that NP is a candidate te^ 
vaccines promoting cross-reactive inmiunity, others hav^i ; 
shown that immunization with the NP-recombinaE'^^! 
virus alone is insufficient to protect against challengal 
(Andrew & Coupar, 1988; Stitz et al., 1990). Our daSo| 
may however encourage further improvement of recoiEr^ 
binant vaccinia virus expressing NP. 

In mice infected with influenza virus, morbidity and! 
mortality occur as immunopathological consequence! 
rather than a direct eff'ect of virus multiplication (Singer; 
etai., 1972; Hurd & Heath, 1975; SuUivan a/., 1976).? 
NP-recombinant virus limited virus propagation in tk^ 
lung although it could not prevent infection and disease. 
Therefore, partially cross-protective NP-recombinan4 
virus may be beneficial in the prevention of fatd 
pneumonia in man. Alteration of the vaccinia virus 
promoter and/or co-expression of lymphokine genes such 
as interleukin 2 or interferon-y may increase the level of 
cross-reactive immunity obtainable by NP-recombinant 
vaccinia virus (Coupar et a/., 1986; Yilma et al., 1987; 
Flexner et ai, 1988; Davison & Moss, 1989). 
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A simple selection system has Iweii developed for the cloning and cxpresskm of open mding frvmca In 
vaccinia virus. The selection system Is based on a conditional lethal (host range) mutant of vaccinia vtraa. A 
deletion mnUnt of the vacdnla virus WR strain was generated 1^ Insertion of the neomycin rcslstaiicc me 
fhmi transposon Tn5 and selection r/ith tiie antibiotic G418. This deletioa mombtaaatt ^Pm, ladwd 
approximately 21.7 kllobascs of DNA beginning 3.8 kllobases from tiie left end of the genome* ▼P293 was 
capable of pUquIng on pHmary chldcen embryo fibroblasts and two monkey ccO tines (BSC-40 mid Vera) b«t 
was defective In replication in the human ceO line MRC-5. Insertion of tiie host range gene KIL faito vP293 
restored the ability to grow on MRC-5 cells. A series oT plasmlds were constructed which to addition to the KIL 
gene contained a vaccinia virus early-late promoter, H6, followed l»y a unique potytinlur tw|nmf»» 
transitional initiation and termination signals, and an eariy transcription tefmlnatfon signal. Thcae plasnddi, 
pHESl tiinmgh 4, allowed for rapid single-step donlng and expression of any open rcndfaig I 
recomblned in vivo with vP293 and scored for growth on MRC-5 cells. 
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A search for additional markers to further poxvirus genet- 
ics led McClain (23) to study the u mutants of Gemmell and 
Fenner (11). These studies (23) provided the first description 
of host range mutants of poxviruses. These initial observa- 
tions were quite helpful in the early studies of poxvirus 
genetics (8, 24, 35). The host range mutants were interpreted 
to be defective in some control function required for virus 
replication (8). Subsequent genomic analysis of these rabbit- 
pox virus mutants (18, 25) demonstrated extensive terminal 
deletions (up to 30 kilobases [kb]) of DNA. 

Host range mutants of vaccinia virus have also l>een 
described (4, 5, 10, 15, 22, 39). Nitrous acid iriulttgcne^is of 
the Copenhagen strain of vaccinia virus allowed Drillien et 
al. (4) to isolate a host range mutant defective in replication 
In most human cells. Genomic analysts of this mutant 
revealed an extensive deletion of approximately 18 kb 
toward the left terminus (4). Additional analysis by marker 
trciiisfer studies mapped the genetic function responsible for 
host range to a 5.2-kb EcoRI fragment (12) and finally to an 
855-base-pair open reading frame overlapping the ///ndlll M 
and K fragments (13). With reference to previously pub- 
lished results describing overiapping and unique deletions in 
the left end of the vaccinia virus genome (30), this host range 
gene is located between 24 and 25.2 kb from the left end of 
the vaccinia virus L-variant genome. This host range gene, 
transcribed leftward from ///ndlll K into ////tdlll M, is 
described herein as the KIL gene according to the nomen- 
clature recommended by Rosel et al. (33). 

We have previously described spontaneous and engi- 
neered deletions in the left end of the WR strain of vaccinia 
virus (27, 30). None of these deletions extended rightward 
beyond the unique Bg({\ site in ///ndlll-M located 24.1 kb 
from the left terminus of the L-variant genome (30). None of 
these deletion mutants demonstrated host range restriction 
on human cells, consistent with the mapping of the KIL host 
range gene. 

In this communication we report the generation of vP293, 
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a vaccinia virus in which 21.7 kb of DNA, including tiie KlL r 
gene, was deleted. This virus was defective for growth oo \ 
the human cell line MRC-5. Further, we report the devdofv 
ment of a simple selection system for cloning and expressing ^ 
open reading frames in a vaccinia virus recombinant hated ^ 
on manipulation of the host range ftinction. ^ jf 

MATERIALS AND METHODS 

Cells and virus. The WR strain of vaccinia virus wns| 
utilized. Its origin and conditions of cultivation have been t; 
previously described (27). Primary chicken embryo flbro- f 
blasts (CEF), monkey cell lines (BSC40 and Vert)), and the r 
human cell line MRC-5 were cultivated in Eagle minimai 
essential medium (MEM) containing 5% (BSC40 and Vero 
cells) or 10% (MRC-5 and CEF cells) fetal bovine seium^ 

Cloning reagents. Plasmids were constructed, screened, 
and grown by standard procedures (21, 31, 32). SyntlMMic 
Sma\ linkers were obtained from Collaborative Research, | 
Bedford. Mass. Restriction endonucleases were oboifaied / 
from Bethesda Research Laboratories, Gaithersbuig, Md.; i 
Boehringer Mannhein Biochemicals, Indianapolis, Ind.; 
New England BioLabs, Beverty, Mass.; and International 
Biotechnologies, Inc., New Haven, Conn. The Klenow 
fragment of Escherichia coli DNA polymerase was obtained 
from Boehringer Mannheim, and phage T4 DNA iigase was 
obtained from New England BioLabs. The reagenU weie l 
used as specified by the various suppliers. M| 

Cloning of tiie neomyda phoapho tran sferast geae wder lia I 
control of a vacdnhi virus pramoCcr. A fragment containing ;| 
the gene for neomycin phosphotransferase flrom transposon 
Tn5 (1) was Isolated from pSV2-neo (37) (ATCC 37149) and 
put under the control of an earty vaccinia virus promoter 
(designated here as Pi). The Pi promoter had been localized 
by analysis of eariy vaccinia virus transcription to a 5^if3A 
subclone of the Aval H {Xhol O) fragment of the L-variant 
WR vaccinia vims strain (A. Piccini, unpublished data). This 
promoter element has been shown to express foreign genes 
in vaccinia virus recombinants at eariy times after Infection 
(42). The map location of the promoter is approxhnately LI 
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^^^^ ^^"^ ^ fragmem (cppro»imateIy 
l^.^ m mm efis hn eM of the vaccinia virus genome) and 
to M hb Deft of the MwdXH C-N fragment junction. More 
^sstelij;. tfes I?2 proj?w)ter DMA sequence corresponds to 
i^ff^SCtoi toifSBsdiately us^stnsam from an open reading frame 
mmm fe? Q S-Csilcdallopii glycine*roch protein recently re- 
(17). A LS-kb Smal ended Pi promoter-wiPo gene 
<Kijmc@ ©ttmoinJng 0.5 kb of vaccinia virus DNA including 
mmsHQT followed by 1 Ccb of Tn5 sequences from the 
Wsm QkQ KhTOigh the Smal site (1). was used to construct 
vc©gfiii2iiQ vtao Pecombananl vP293. Recombinant vims was 
C3!)3sa©dl by af&3 Dddition of 30) pig of G418 per ml (9, 37). 

^t?cz:iri^GihxD ©ss^IJtlte. Procedures for in vivo recombi- 
Koteii Dsd isD sItM hybridization of nitrocellulose filters were 
QO pK}vteai9ly described (29), with the following modifica- 
to. ItomJd DNA was introduced into vaccinia vinis- 
momi cells by electroporation. Subconfluent monolayers 
<^VQm (KT MRC-S cells were infected with rescuing virus for 
L,S;;JB^ harvested with trypsin, washed with 

^>«efBd BQline (14), and electroporated in the presence 
m <ttf pJaflmfid DNA in HEPES-buflered saline. Vinis- 
Weea©^ ©ells were electropor&^d with a Bio-Rad gene 
piB£3r e^gujpsd with a Bio-Rad gene pulser capacitance 
. ® suspension (0.8 nip was placed on ice for 
W mm m o Bio-Ksd gene pulser cuvette, pulsed at 200 V 
([^i?:^5to^ m tiF), and placed on ice for another 10 
mB. Ite cells were then diluted in 8 ml of MEM.3% fetal 
I^vilss cerum. plated (4 ml per dish) in 60-mm dishes 
©jj^toScaSE^ conesponding Vero or MRC-S cell monolayers. 
CM tobated at 37^ overnight. At 24 h postinfection the 
vSinao OTfl harvested by three freeze-thaw cycles and plated 
C® capgsffa for E^scombinants. 

,(P^^Sc5c^^ OTe^EQg. Cell monolayers were infected 
mm vSmo diluted in Eagle MEM-2% fetal bovine serum. 

n*^^^'®" monolayer was overiaid 

iQsle mU containing 10% newborn calf serum (Row 
E^«©rieo, McLean, Va.). 1% Noble awr, penicillin (1 

cJSk^fl^^^^^y^^^ " ^^^^^ incubated at 3rc in 
OTg. me? 3 days the dishes were stained simultaneously 
^O^tsssatoil red tto visualize colorless plaques and X-gal 

imcsTMiginheim Bicchemicals) to visualize blue plaques An 
cmmo^y of equal volume was added over the original 
©vefftny. U \mQ prepared by combining equal parts of 2% 
cm. Mm neutral red, and 2x MEM, 4% newborn 
f^^' antibiotics, and X-gal (SCO ng/ml). X-gal was 
*c^v<3d jiia dimethylformamide at 230 mg/ml before it was 



ATW' and HRU 3'(CC00ATAAAAATtATTifAlnnr«f.- 
CTCOAOAOCTCGGTACCCGGOOATCCqATOOjS' OCl 
cloned into this site. pHES2. pHES3. Bi«i^MES4 wfePS 
^'i^JUfi, •'"''^ annealed olisonuclIs®j!fe6. 

cdtfstnicted with the oligonucleotides MTO 
ilTFP'^^^'^^^^OATCCCCGGOTACCOAOCrarCOA 
9T^'^^iI'^'^'^*''"'^'^'"^AT)3',and MRU 3'(CCO(0ATA 

^^:^£n'^^'^'^'^'^CTCOAOAGCTCGGTACCCO®S 
CATCCCCATGG)3'. pHES3 Ws constructed with the ©SS- 

??JU^!?J!."*!2 ""^^ 3'(TCOA|:CATGCCGOATCCC(O0O 
°^^.^?9;^°^'^C°'^0TAifATAAATAATTTrrATO' 
5L"{'"?k*^*CC00ATAAAA'ATTATTTATTTACTC 
°«£^°^'^^°°'^'^^^C°<3GOATCCCCCATOO)3'. af?^ 
V)^^^Xf^Ji^'J^^ "'^ oligonucleotides MKLt 
S'fTCOAGOATCCCaGOTACCOAGCTCTAAATAAAirA 

^JTHJ^'^^^' l"^^ 3'(CCGGATAAAAA?TATt 
TATTTAG AGCTCCGTACCCGGC ATCC)3'. 



SycatsCCs sSJoa^lGisisnrftoi^^ Oligonucleotides wefc 
^pasa «ra Q Biosearch 8730 or Applied Biosystems 380B 
mA oyntt!S8l2eir. All syntheses were performed at the 
©.a-gffiWfl ccole by using the manufacturers' synthesis cycles 
liter ^OKCsthyl phosphoramidite chemistry. The oligonu- 
slSKiMteo were routinely deprotected at 33*C for 12 to 18 h in 
©KissffilrDted NHaOH and dried in a Speedvec. The DNA 
^ oim^ei In deionJsed, distilled MjO, adjusted to 2 3 M 
c®«3ffl cse«ot®-10 rjM MgCI,. and precipitated at -20T 
wfffiii 2 vdumso ethanol. After centrifugalion. the dried 
sMpspKjeplfsSeo were dissolved in 10 mM Tris hydrochlo- 
m m ©ontaining 1 mM EDTA. quantified by 

pHESi woa constructed by the followins orxjcedure- 
pmsmm was cut with ;r Jaml Xn,ai, al!lf ,he^l?d 
(Sliooiiucleotldes HRLl 3'(TCaACCAT0GGATC 
CmJOOTACCGAGCTCTCGAGTAAATAAATAATmr 



CrasCradta off lliie vcmMa vkm nJelkaitei irasEatBlMoiicxa 
VIP293. Previous results from our laboratory describing ami- 
taneous and engineered deletions in the left end tfcs 
genome of the WR strain of vaccinia vinis (27. 30) Semm- 
strated ealensive overlapping deletions proaimal to Jfee Oeft 
terminus, but no deletions were obtained eMendins ciisSili- 
ward beyond the unique Bglll site in M/idlll M HesoJed 
approsiniately 24.1 tch from the left terminus. These too 
suggested that essential genetic ftinctions might reside 8® tlli<S 
ngnt of this locus. This interpretation was consistent wJtb 
the location of a host range gene described by Mlieto'b 
group W. 12. 13). To esttend the previously described ©veip= 
lappmg deletions (30) rightward from this locus, we ee5Jotdl= 
ered en— .eenng deletions by using a selectable mafteF oid 
screening on a permissive cell to allow for deletion of rassjeo 
involved in host range. The cloning strategy to achieve tfeto 
s outlined in Fig. 1. An EcomSall fragment eouivaleinij 8® 
•he left terminal 3.8 (ch of the vaccini.** vinis ^nome wes 

^^"'""'^ "8"'^ lnto£coRI.5aflI-d!03st©^l 
f fesultins plasmid pMP3 was digested wiito 
Hmam and Sail and ligated with a 3.8-kb Hlmim'SaE' 
rragment containing vaccinia virus sequences correspoEdiran 
to the nght end of the vaccinia vinis Mladm fragmeisiii OS. 
The resulting plasmid pMP328 thus contaira^ vaccinia vJrao 
seq=.enc€s at 0 to 3.8 kb and 23.3 to 29.3 kfmie interveaJng 
vareinia virus sequences between the Sflfe&ites at 3.8 
23.3 itb toward the left end of the 8eriom#yere effeeJlivellw 
deleted. The unique Sail site in pMP328 "vhs changed Co o' 
Smal site by the addition of commerciallTavallable am- 
thetic hnltere producing pMP328L. A 1.3-kb Smai ftagBjetiJ 
contaming the gene for neomycin phosphotranaferas® Itea; 
transposon Tn5 (1) under the control of an earty vccsteto 
virus promoter (designated here as Pi) Jkwm the Avem 
■^t^Ba,™/ vaccinia virus was cloned into the Smal oJts cf 
PMP328L. generating PMP3281WN. pMP328PiN was iscmo 
reeled into primary CEF eoinfecied with the reosuisiir! vcso 
cinia virus. VTK-??. Recnmhlnont vims was selected osid 
grown on primary CEF In the presence o?0418 (9). M to 
recombinant vaccinia virus vP293. 21.7 kb of vaccinia vima 
had been deleted, as predicted, and the virus contained itta 
foreign gene encoding Neo'. The genomic confleuiitiiit©iiia 
were confirmed by Southern blot hybridliatton analysto '■ 
(data not shown). The restriction map of the left terralBUO <bS 
^J^"'"^ VTK-79 and of the recombinant viraia 
v^3 eapressing the Neo' gene and selected on primary 
CEF in the presence of 0418 are indicated in Fig. IB and C. 
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FIO. 1. Constniction of plasmid pMP528PiN and generation of vP293. (A) An EcoKUSatl fragment consisting oT a 3.S-lcb vaodafai vi^l 
sequence from pAG3 (30) (IcH arm, light hatching) was ligated into pUC13 that had been cut with EcoRl and Salt, generating pMPS, A; t 
San-HindlW fragment consisting of 3.8-kb vaccinia virus sequences from //Mdlll-K (right arm, dark hatching) was ligated with pMP5 Oadhadf 
been cut with //mdlll and SatX, generating pMP528. The site of the vaccinia virus deletion between the leH and right vaccinia vim anns m 
indicated by a triangle. pMP528 was cut with 5o/l and made blunt ended with the Klenow fragment off. coli polymerase; Smat ifaiken * 

r«^, producing pMP528L. pMP528L was cut with Smal and ligated with a 5mfll-ended cassette containing the neomycin retltttnca f 

(open block) under the control of the early vaccinia virus Pi promoter (dark arrow). The resulting ptasmid. pMP328PiN. was transfected iotO'^ 
CEF cells infected with VTK-79, generating the vaccinia virus recombinant vP293. (B) Map of the left end of VTK"79 Ihroufh iVMIlMC;! 
Only the relevant Sail sites are indicated. The diagonally striped block indicates the vaccinia vims sequences to be deleted. Left and tiriit 
arms are as indicated above. (C) Map of the left end of vP293 through ff/ndlll-K. Symbols are as defined above. j ' 



In the absence of the antibiotic G418, vP293 produced 
laiige plaques on primary CEF and produced plaques well on 
BSC40 or Vcro cells, although vP293 plaques were dctccl- 
aWy smaller than the parent VTK~79 plaques on Veto cells. 
Significantly, vP293 gave no measurable replication and 
failed to form plaques on the human cell line MRC-5. These 
results are qualitatively consistent with the host range dele- 
tion mutant described by Drillien et al. (4). 

Reconstltutlon of vP293 with the host range teene, KIL. 
Oillard et al. (13) have shown that with their deletion mutant 
of the Copenhagen strain of vaccinia virus, reconstitutton 
with the host range gene KIL was necessary and sufficient to 
restore the ability for growth on human cells. This suggested 
that this host range gene, when reconstituted into the dele- 
tion mutant vP293 of the WR strain of vaccinia virus, would 
also allow the virus to replicate on human cells. 



The cloning of the host range gene KIL into plasmid | 
pMP528L and its insertion into vP293 are outlined in Fi^ 2.^ 
The right vacciia virus arm of pMP528L (Fig, lA land tA)^{ 
was shortened to eliminate unwanted restriction sitea and to^ 
facilitate future cloning steps. pMP528L was cut by EeoRy^tl 
////rdlll, made blunt ended with the Klenow fhtftinent of the f 
£. coll polymerase, and selMigated. The f\0it ahn oTtbe. 
resulting plasmid pMP528E was reduced in length to 0.4!kb! 
(Fig.2A). , / - 

An S9i-base-pair vaccinia virus Bglll (partial digest)-HiMii 
fragment containing the entire coding^4^ence and pnh} 
moter from the KIL gene (13) was cloneS into the poiytlnker 
region of pUC8 for the sole purpose of flanlcing the gene wHh | 
convenient restriction sites (Fig. 2A). The resulting plasmid* 1 
pUCSHR, was digested with //Mill (partial digest) and! 
Smal to isolate the KlL-containing fragment. The If/ndlil t 
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PMP928L 1 



VP457 



B VP293 




totchlni (right urn). Jid triangles (sites Xtu>^ aXSii^I^^^^ Indicated by light hatching (ted wm), duk ^ 

of gene todicded by airaw) was Igated lnto7uc« that hS Sen «H?.h «*~ "IT*"" (•«'PP"n«i 

digestMm*! fhgmem conidning t^ KIL geSe wL liSliS tZtZ^htf^ll\^f^':!^\Knr^^f. "S"'""*' ^ ""^l" 
j;MPM8B th« h«l been cut with' mal. Ti; «>!!^<iTpSpKHR w2l«nS SS»"^ 
wccWa virus recombinant vP457. (B) IMap of (he left end of yimithm^Xm^tt^l-^ S"^ ce Is infected with vP293, geneiMlng 
me; the d^lcnaw Indicate, the Pi UZ..r. "rcm^X."^^^^ 1!:^^^^^ 

end was filled in with the Klenow fragment of the £. coli 
DNA polymerase, and the fragment was cloned into the 
Smfll Mte of PMM28E. A plasmid. pMP528HR, with the 
ortcntotiwi of the KIL gene reading leftward (Fig. 2A) was 
ttolatcd by standard procedures. pMP528HR contains the 
host range gene reintroduced into the 21.7-kb deletion in its 
ntUvc right to left orientation with respect to flanking 
vacanm vtnis arms. * 
The donor plasmid pMP528HR was transfected into either 
veto or MRC-5 cells, each cotnfected with vP293. Progeny 
was h^ested after an overnight infection and plated on 
either Vero or MRC-5 cells. The numbers of plaques ob- 
tained on Vero cells were 10 to 100 times greater than the 
numben of plaques obulned on MRC-5 cells. Isolated 
plaques of uniform size were picked from MRC-5, and both 
urge and small plaques were picked from Vero cell cultures. 
These plaque isolates were replated on Vero cells, and after 
3 days the resulting plaques were lifted onto nitrocellulose 



filter disks and prepared for in situ hybridization (26). All of 
thr olaques originating from MRC.5 cells and all of the larger i^ . - 
planues, but not the smaller plaques derived (torn Vero celltg ' 
Kf! positive hybridization signals when probed with a'^ 
"Mabeled probe to the KIL coding sequences. This h 
consistent with restoration of host range functions contained i 
PsJt^^^Ir ^^^^^ sequence. An isolate ohtolned fh)m ^ 
MRC-5 cells was fiirther purified and designated vlM57. In t 
VP437 the KIL gene has been restored and is situated within l- 
the deletion in its native orientation, reading from right to % 
left. The KIL sequences have replaced the PI promoter* tl 
neomycin phosphotransferase gene cassette present in if 
vraa (Fig. 2B and C). Compared with the genome of the L % 
variant vaccinia virus (27, 30), vP457 contains a 291-base* 
pair deletion to the right of the KIL gene and a 20.^kb ^ 
deletion to the left of the KIL gene. The ability of vP293 and t 
vP457 to form plaques on Vero or MRC.5 cells Is shown In 
Fig. 3. Note that the plaquing efficiency of vP457 is approx* M 
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no. 3. Plaquing proficiency of vaccinia virus mutants vP293 and vP457 on Vcro or MRC-5 cefls. Vims was plated on Vcro or MRC-5 cks 
as described in Materials and Methods. Plaques were visualized after 3 day* uuM an agar overlay by staining with neutral red. vP457 
plated on MRC-J (10*) (A) or Vero (10*) (B) cells. vP293 was plated on MRC-5 (10>) (C) or Vero (10*) (D) cells. 



imatety 10 times as hish on Vcro cells (Fig. 3B. plated at a 
10** dilution) as on MRC-3 cells (Fig. 3A, plated at a 10"^ 
dilution). Under the conditions used here* a similar plaquing 
differentia] was typically seen with the wild-type L or S 
variant viruses (27) plated on Vcro and MRC-5 cells (dau 
not shown). No plaques were formed by vP293 on MRC-5 
cells (Fig. 3C. plated at a 10~ > dilution), even when plated at 
1»000 timet the concentration used with Vero cells (Fig. 3D. 
plated at a 10"^ dilution). 

CmtttrocCkm of plasmMs pMP528HRH and pHESM. The 
above results suggested that the conditional lethal phenotype 
of vP293 could be exploited for constructing donor plasmids 
into which additional open reading frames could be cloned 
and expressed. Introduction of these exogenous open read- 
ily fhuites into a plasmid containing the KIL host range gene 
and recombination into vP293 would yield a simple method 
for generating vaccinia virus recombinants by virtue of 
host range restriction. To this end a series of plasmids, 
pMF528HRH and pHESl through 4, was constructed. 

First, a vaccinia virus promoter was added upstream from 
the KIL gene in pMP528HR. This early-late promoter was 
previously identified and localized in f//ndllI-H by transcrip- 
tional mapping and DNA sequence analysis (A. Piccini and 
R. Weinberg, unpublished data) and has been utilized to 
express foreign genes in recombinant fowlpox virus vectors 
(40, 41). This promoter, H6. maps upstream from the H6 
open reading frame and is Identical to the sequence pub- 
lished by Rosel et al. (33). Double-stranded DNA corre- 
sponding to positions -124>o -1 (with position -102 



\ 



changed from A to O to remove a potential initiation oodOfi)| 
and followed by Xhoh Kpnh and Smal restriction sites wu t 
synthesized chemically and cloned into the Smal she of j 
PMP528HR, producing pMP528HRH (Fig. 4A and B). 11ms,| 
pMP528HRH contained the H6 promoter upstream flnom tlie| 
KIL gene, which was expressed under the, control of thel 
KIL endogenous promoter. Both were in a rightHoMlij 
orientation with respect to vaccinia vlnis^gmns (genonie)! 
(Fig. 4). The H6 promoter in pMP528HRH was immedtatdy l 
upstream of unique Xhol, Kpnh snd 5moI restriction sitM.| 
To increase further the utility of the system, plaunlds^ 
pHESl through 4 were derived (Fig. 4C through P) ftom j 
pMP528HRH. In each case pMP528HRH was cut wtth XMi 
and Xmal, an isoschizomer of y5mal, and tigated with 
appropriate pair of annealed oligonucleotides. In addftion i 
the elements contained in pN^28HRHt each of plasflddsl 
pHESl through 3 contained A translation initiation oodbci] 
downstream from the H6 promoter followed by 
multiple restriction sites, translational tenninatioA t _ 
and a specific vaccinia virus eariy transcription teminatioiii 
signal sequence (44). In each of plasmids pHESl thfough 3 J 
the translation initiation codon was in a different readi^l 
frame relative to the polylinker region that follows (Rig* 4).| 
Therefore, any DNA sequence that contained an openi 
reading frame could potentially be expressed when dooed j 
into one of these plasmids and recombined into vaocittift| 
vims. A fourth plasmid, pHES4, was also derived fltwijl 
pMP528HRH. This plasmid did not contain a 
initiation codon but did contain unique multiple restii 
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EcoRI 




^Xhol 
Kpnl 
LSmal 

• • 

TTCmATTCTATACnAAAAAOTQAAAATAAATACAAAOaTTCTTOAQOOTrOTaTTAAAT 
-60 ^ 

TQAAAGCQAQAAATAATCATAAAnATT7CAmTCOCGATAT(X>GTTAA<nTrO^^^ 
Xhol Smal 



BamHI 



KPN 



}AT<VGQA.TCfcgCfliafiT>ACC^^ 

Smal Sad STOP 



■■4:'>. 



til 



Smal Sacl STOP 



E tATQ.Q<KHiAT.gg;:gaflS^ i; 

Smal Sacl sTOP h 

BamHI Kpm STOP :■ v 

-1 (daik aiTOwT foUowed by J^fcol T»Jl\T««-rr..!i5.I^^ ^ fraynent iwntaining the synthetic H6 promoter posltkMi -lU through 

and etriy tr«nicripUontJ lennlMtten signals a"lndic.tS! ^''""''^ * Restriciion sltei, stop codoni. 



titet, tnnslatiotial tennination sequences, and an eariy 
transcription termination signal sequence. A DNA sequence 
that contains an open reading frame and an initiation codon 
can po^ntially be expressed when cloned into pHES4 and 
recombined into vaccinia virus. The pertinent DNA se- 
quence eleinents, restriction sites, and transcriptional and 
transUttonal signals of pMW28HRH and pHESl through 4 
are depicted in Fig. 4. 
faccrporattop of the bacterial iacZ gene into vaccinia vims 
recoinWnant vfruscs on the basb of host 
Jittfe ratrictkm. To analyze the utility of the pHESl 
ummgh 4 and vl>2?3 host range selection system, we chose 
»c coli lacZ gene encoding p-galactosidasc. A BamHI 
ffBgment containing codons 8 through the end of the tacZ 
gene was obtained from pMCWl (36). This lavZ BamHX 
uKS?*-*)*^ '"^^^ uniqui^iJflmHI site of plasmids 
PHESl through 4 in the correct orichtation. In vivo recom- 



bmation between the resulting plasmids pHESLZL 
PHESLZ2, PHESLZ3, and pHfSLZ4 tninsfected into Vcro 
cells comfected with the hosc range mutant vP293 was 
performed as described in Materials and Methods. After 24 
h. progeny vinis was plated on either Vero or MRC-5 cellik 
When progeny from transfections with pHESLZl through 4 
were plated on Vero cells and expression of p-galactosidaie 
was assayed in the presence of X-|^, no blue plaques wcro 
observed in cells transfected with pHESLZl, 2, or 4, Signif* 
icantly, approximately 20% of the plaques generated with 
plasmid pHESLZ3 gave blue plaques in the presence of 
X-^l (data not shown). When progeny from transfections 
with pHESLZl through 4 were plated on Vero cells and 
recombinant vinises were screened by in situ hybridization; 
12 to 22% of the plaques gave positive hybridization signals 
to lacZ (Table 1). When analyzed by in situ DNA hybridiza*' 
tion (26), every plaque on MRC-5 demonstrated the presence 
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, TABLE I. Analysis of recombinant lacZ vaccinia virus generated 
lyith |>Usmids pllESLZl through 4 and VP293 vaccinia vinm- 

No. of plaques 



Cell Hne 


Smin 


Donor 
plasmid 


Total 


Hybrid- 
ization 
positive 


X-gal 
pmttive 


% 
Positive 
plaques 


Veto 


Neutral red 


pHESLZl 


L056 


153 




14.5 






pHESLZ: 


637 


141 




22 






pHESLZa 


793 


95 




12 






PHESL24 


L344 


269 




20 


MRC-5 


Neutral red 


pHESLZl 


60 


60 




100 






PHESLZ2 


56 


56 




too 






pHESLZ3 


ND 


ND 










PHESLZ4 


71 


71 




100 


MRC.5 


X-gat 


pHESLZl 


60 




0 


0 






PHESLZ2 


55 




0 


0 






PHESLZ3 


59 




59 „ 


100 






PHESLZ4 


70 




0 


0 



* Donor ptasmids pHESLZl through 4 were transfectcd indivjduatly into 
Vero cells infected with vP293 as dcucribed in Materials and Methods. After 
24 b. progeny were harvested by ihree freeze-thaw cycles and plated on Vero 
or MRC-5 cells. Monolayers stained with neutral red were lifted after 3 days 
«rto nitrocellulose filters and prepared for in situ hybridization {2h} with a 
*^P-bbeled lacZ gene probe. Other MRC-5 dishes were exposed to X^l. and 
blue color development was scored after 8 h. ND. Not done. 

of the tacZ gene (Table 1). p-Galactosidase activity, how- 
ever, was seen only in plaques on MRC-5 which were 
derived from pHESLZ3 (Table 1). Only the plasmid con- 
struct pHESLZ3 had the lacZ gene in fi^me with the 
translational initiation codon. 

DISCUSSION 

Since the initial demonstration of marker rescue in vac- 
cinia vims by Sam and Dumbcl! (34) and Nakano et al. (26), 
vaccinia virus has been used extensively for the insertion 
and expression of foreign genes. The basic technique of 
inserting foreign genes into live infectious vaccinia virus 
involves in vivo recombination between vaccinia virus DNA 
sequences flanking a foreign l^netic element in a chimeric 
donor plasmid and homologousNsequences present in the 
rescuing vaccinia virus (32). Unperturtjed, successful r«com- 
bitiation occurs at a frequency of approximately 0.1%, Our 
Initial screening strategy involved in situ hybridization of 
recombinants on replica filters with a radiolabeled probe 
homologous to the inserted sequences (26, 29). 

A numt)er of modifications have been reported to increase 
the efficiency of recombination itself or to facilitate the 
identification of recombinants. Among these modifications 
are the following: use of single-stranded donor DNA (43); 
identification of recombinants expressing unique enzymatic 
ftinctions, such as (^^^IJiododeoxycytidine incorporation 
Into DNA VM expression of the herpes simplex virus thymi- 
dine kinase; (2V); use of chromogentc substrates for (co)ex- 
pression <»f foreign genes along with 3-galactosidase (3. 28); 
selection fcr thymidine kinase expression (positive or nega- 
tive) (20, 29, 30); antibody-based reactions to visualize 
recombinant plaques (19); use of conditional lethal temper- 
ature-sensitive or drug m.itants (7, 16); selection of recom- 
binants by using the neomycin resistance gene from Tiv5 and 
the antibiotic G418 (9); and selection pressures with myco- 
phenolic acid and the £. coll gpt gene (2, 6). 

We have described in this report a selection system for 
constructing vaccinia virus recombinants by using a condi- 



tional lethal host range mutant. The deletion 
mutant vP293 fails to plaque on the human cell tine l 
VP293, however, can be readily cultivated and [ 
nonhuman cells such as Vero, BSC40, BXid iprkmy l 
cells. The host range ftmction cq[n be restored to vR9} 
restoration of the KIL host range gene. Such a i 
can now plaque on MRC-5. We have designed a fnmdier df 
plasmids. pMP528HRH and pKESl through 4, which ! 
addition to the KIL host range gene contain anoth^ vaodirfa ; 
virus promoter, unique multicloning restriction titet, wppto^ 
priate translational start and stop codons. and an eai^y 
transcription termination signal, insertion of a foreign opett^ 
reading frame into these plasmids followed by In vivo ' 
recombination will simultaneously restore the host 
function (KIL gene) and introduce the foreign open readlog 
frame into the rescuing virus, vP293. The recomMnani 
viruses can now be identified by their ability to plaque oo 
MRC-5 cells. Plasmids pHESl through 3 contahi hiltiaiiloo 
codons followed by multicloning restriction sites in the threel 
reading frames. Any exogenous open reading fhune can be"^ 
expressed after insertion in one of these pbsmids. pHES4»^ 
which lacks a translation initiation codonTis deigned rfor ' 
expression of exogenous open reading frames that contain 
their own ATGs. |l: 

Advantages of this system include the absence of iny f 
non-vaccinia virus exogenous gene in the final recombinant 
other than the genetic element i>f interest, no genette reVe^! 
sion of the virus (since vP293 is a deletion mutant of K1L)«> 
and the rapid one-step identification of recombinants. Hits ; 
single-step procedure can also be used for rapid screening of ' 
expression of the foreign genetic element, for example« for f 
epitope mapping. \ 4 

Additional plasmids containing the KIL host range g^ 
have been constructed (unpublished data) where the H6 
ear;y.^;e promoter has bttn replaced with either a strictlyl 
eariy or a strictly late vaccinia virus promoter. This will 
allow study of the subtleties of temporal regiilation oT.^ 
expression of foreign genetic elements. 

It has recently been reported (38) that cowpox vtros ! 
contains a gene that, when introduced into vaccinia virlis;§ 
allows vaccinia vims to replicate productively on the nor*^' 
mally growth-restrictive CHO cells (5, 15). Other membera^ 
of the poxvirus family such as fowlpox and swinepox are^ 
quite restricted for growth to avians and swine, respectivdy/ I 
These observations suggest that poxviruses have a liunily of ' fl^ 
host range ainctions that determine their relative raitge of ! 
replication competence. The functions of such genes ire'' 
currently unknown. Information from studying this fkmily of / n 
host range functions might be usefUl in elucidating evolutional 
ary aspects of the poxvirus family. 
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Abstract. The vaccinia virus (VV) E3L gene product functions as a dsRN A binding protein that is 
involved in conferring an interferon-resistant phenotype upon the virus. Studies with a vaccinia virus 
(VV) E3L- deletion mutant (vPlOSO) have also demonstrated that the E3L gene product is cnticai for 
productive repHcation on certain ceU substrates. While E3L was found to be nonessential for replication 
in chick embryo fibroblasts (CEFs), virus specifically deleted of E3L was found to be replication 
deficient in Vero, HeLa, and murine L929 ceUs. Further, the temporal block in replication appears to 
differ in these cell systems, as evidenced by the observed timing of protein synthesis inhibition. In 
Vero cells infected with the VV E3L- mutant, there was no detectable protein synthesis after 2 
hr post-infection, whereas in L929 cells normal protein patterns were observed even at late times 
post-infection. Expression of a heterologous dsRNA binding protein, the reovirus ct3 protein, by the 
E3L' mutant virus restored near wild-type growth characteristics, suggesting the critical nature for 
regulating dsRNA levels in VV-infected cells. 

Key words: Vaccinia virus, host range, E3L ORF, dsRNA binding protein 



Vaccinia virus (VV), as the prototypic member 
of the poxvirus family, represents a unique 
DNA-containing virus in that it replicates within 
the cytoplasm of infected cells. As such, the vi- 
rus encodes most, if not all, of the functions nec- 
essary for enabling productive replication to oc- 
cur in the cytoplasm, including host-range 
regulatory activities. Previous reports have dem- 
onstrated that VV encodes at least two host- 
range regulatory functions, *C7L and KIL (2,3). 
Extensive analyses of VV mutants deleted of 
C7L and KIL, alone or in combination, have 
demonstrated that these functions modify the 
replication competency of VV on cells derived 
from tissues of certain species (2,3, unpublished 



results). More specifically, VV lacking both C7L 
and KIL retain their ability to efficiently propa- 
gate on Vero cells and primary chick embryo fi- 
broblasts (CEFs), but are greatly debilitated in 
terms of replication competency on cells derived 
from certain species, including murine, swine, 
equids, and humans (2,3, unpublished results). 
Further, C7L and KIL were found to be inter- 
changeable in certain cell systems (porcine and 
human), while only KIL provided the ability to 
productively replicate on rabbit kidney (RK-13) 
ceUs (3). 

Another poxvirus family member, cowpox vi- 
rus, has been shown to encode an additional 
host-range function, CP77kDa, which provides 
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vaccinia virus replication competency on Chi- 
nese hamster ovary (CHO) cells (4). The 
CP77kDa function has been shown to be func- 
tionally interchangeable with C7L and/or KIL 
for enabling replication of VV on human, por- 
cine, and RK-13 cells (3). Interestingly, how- 
ever, C7L and KIL cannot substitute for 
CP77kDa in CHO cells, since wild-type VV does 
not productively replicate on this cell substrate. 
VV encoding the CP77kDa function, however, 
has been shown to replicate on CHO cells (4). 
The precise mechanisms by which these gene 
products govern the ability of VV to produc- 
tively replicate on certain cell substrates remains 
unknown, although they presumably function 
through interactions with specific cellular poly- 
peptides, as implicated by their host-cell depen- 
dence and the occurrence of ankyrin amino acid 
sequence motifs (5) in at least the KIL and 
CP77kDa polypeptides. It has been postulated 
that these host-range proteins may act as anti- 
apoptotic functions through specific interactions 
with host cell proteins (6). 

The VV E3L open reading frame (ORF) en- 
codes a double-stranded RNA (dsRNA) binding 
protein (1) with both a nuclear and cytoplasmic 
localization (7, B.L. Jacobs, unpublished re- 
sults). Further, E3L has been shown to inhibit 
activation of the interferon (IFN)-induced pro- 
tein kinase, PKR, in in vitro assays and has also 
demonstrated translational stimulatory activity 
in transient expression assays (8,9). Such proper- 
ties are consistent with the identity of E3L as 
the previously reported specific /dnase mhibitory 
/actor (SKIF) activity observed in VV-infected 
cells (10), which downregulates PKR activation 
and the downstream phosphorylation of eukary- 
otic initiation factor-2a (eIF-2a) (8,9,11). Phos- 
phorylation of eIF-2a has been correlated with 
the cessation of protein synthesis initiation (re- 
viewed in 12). 

For the reasons cited earlier, SKIF activity 
has also been implicated in mediating, at least in 
part, the IFN-'resistant.phenotype of VV. In this 
regard, a VV E3L" mutant (vP1080) was gener- 
ated and was shown to have an IFN-sensitive 
phenotype (8,11). Further, lysates derived from 
ceUs infected with an E3L~ VV deletion mutant 
(vP1080) were shown not to contain SKIF activ- 
ity (8,11). 



Generation of the VV E3L" deletion mutant, 
vP1080, was accomplished by in vitro recom- 
bination on CEFs (13) using the plasmid 
pMPE3DELBG as donor DNA and wild-type 
VV (VC-2 isolate; ref, 14) as the recipient virus. 
Plasmid, pMPE3LDELBG enabled the precise 
replacement of the E3L ORF with the £. coli 
P-galactosidase gene under the control of a late 
VV promoter (8). Confirmation of the specific 
deletion of the E3L ORF and replacement with 
the p-galactosidase expression cassette was pro- 
vided by Southern blot analysis of viral DNA, 
as well as in situ plaque hybridization using a 
radiolabeled E3L-specific DNA probe (data not 
shown). Analysis of the vPl080 genome versus 
the wild-type VV (VC-2 isolate) demonstrated 
that no other gross genomic alterations occurred 
in the generation of the E3L~ mutant virus (data 
not shown). 

A putative role of the VV E3L-encoded gene 
product as a host-range regulatory function was 
first realized during the derivation of this E3L~ 
deletion mutant. Attempts at deriving such a mu- 
tant were performed on Vero cells without suc- 
cess. Derivation of the VV E3L~ mutant, how- 
ever, was readily obtainable using primary CEF 
cell substrates (8). The role of the E3L-encoded 
gene product as a host-range regulatory function 
was confirmed when the plaquing efficiency of 
the VV E3L" virus (vPl080) was determined on 
several cell substrates. In these studies, vP1080 
displayed near wild-type plaquing efficiencies on 
primary CEFs and RK-13 cells, but did not pro- 
duce discemable plaques on Vero cell mono- 
layers (data not shown). The replicative capacity 
of the E3L" virus, vPl080, in CEFs, Vero, 
HeLa, and murine L929 cell systems was further 
evaluated by assessing output titers following a 
24 hr infection period (Table I). All cell systems 
infected with wild-type VV displayed increased 
virus yields of 1-3 logio after 24 hr. In sharp con- 
trast, in vPl080-infected cell cultures there was 
no significant increase in virus yield in any cell 
system tested, except CEFs (Table 1). 

Since it has been previously shown that the 
VV E3L gene product functions as a dsRNA- 
binding protein, which acts to downregul^te 
PKR activity (8,9,11), it was of interest to deter- 
mine whether specific E3L deletion resulted in a 
cell-specific inhibition of protein synthesis fol- 
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Table I. Viral yield of vPlOSO on various cell substrates 

Yield VP1080/ 



Cells 


Vulis 


Mrl 


iieio 


I teiu y\^-L 


CEF 


vPlOSO 


1 


5.3 








24 


7.6 


0.3 




VC-2 


1 


5.4 








24 


8.2 




Vero 


vPlOSO 


1 


5.0 








24 


5.2 


0.005 




VC-2 


1 


5.1 








24 


7.4 




HeLa 


VP1080 


1 


4.8 








24 


4.7 


0.0002 




VC-2 


1 


4.8 








24 


8.4. 




L929 


VP1080 


1 


4.9 








24 


5.3 


0.08 




VC-2 


1 


5.0 








24 


6.4 





Confluent cell monolayers were prepared in 60 mm dishes 
using seeding densities of 1 x 10^ cells (HeLa, Vero, L929) 
or 2 X 10^ cells (CEF). Cell monolayers were infected with 
VP1080 or wild-type VV (VC-2 isolate) at a multiplicity of 
infection (moi) of I PFU/cell. Inoculations were performed 
as previously described (14), and virus was harvested at the 
indicated times and was titrated in duplicate on CEF cells. 
''Titer expressed as log,o PFU/ml. 

HeLa = human cervix epitheloid carcinoma, ATCC CL2; 
Vero = African green monkey Jcidney, ATCC CCL 81; L929 
= murine fibroblast, ATCC CCL 1; CEF = primary chicken 
embryo fibroblast cells obtained from 10 to U-day-old em- 
bryos of SPF origin (Select Laboratories, Gainesville, GA); 
HPI = hours post-infection. 



lowing infection with the E3L~ mutant virus, 
vPlOSO. Such a phenotype could explain the 
host-range restriction. To investigate this hy- 
pothesis, confluent monolayers of Vero, CEFs, 
and L929 cells were infected with wild-type VV 
(VC-2) or E3L" (vPlOSO) mutant virus at a multi- 
plicity of infection of 10 PFU/cell and were 
pulsed with ^^S-methionine at various times post- 
infection (hpi). Proteins were fractionated by 
NaDodS04-PAGE and were observed by fluo- 
rography, as described previously (8,11). 

Lysates derived from wild-type VV (VC-2) in- 
fected CEFs, Vero, and L929 cells displayed 
similar expression kinetics of virus-induced pro- 
tein synthesis through 24 hpi (Fig. lA). This was 
expected, since wild-type VV productively repli- 
cates on all three cell substrates. Conversely, in 
vPlOSO-infected cells, protein synthesis ap- 



A 

CCP VERO L9a9 




B 

CEF VEHO Lft29 

tltm(hpO 1 2 4 8 24 1 2 4 6 24 1 2 4 6 24 




Fig. 1. Expression kinetics of virus-induced protein synthe- 
sis. Monolayers of CEF, Vero, and L929 ceUs were seeded 
as per Table 1 . The cells were infected with wild-type VV 
(VC-2) (A) or E3L-minus vPlOSO (B) at an moi of 5 PFU/cell. 
Medium was removed at the indicated times (1, 2, 4, 6, and 
24 hr post-infection), and 2 ml methionine-free medium con- 
taining 50 ^Ci [^^S]-Translabel was applied to the mono- 
layers. After a 1 hr pulse-labeling period, the cells were 
scraped into the medium, transferred to a microcentrifuge 
tube, and the cells were collected by centrifugation. The su- 
pernatant was aspirated and the pellet was washed with 1 ml 
PBS. Pellets were resuspended in 100 \jA PBS, and protein 
was liberated by three cycles of freeze-thaw followed by cen- 
trifugation to clarify the lysate. Protein concentrations were 
determined using the BioRad Protein Assay kit (Bio-Radl-ab- 
oratories, Richmond, CA), and equivalent quantities of total 
protein were fractionated by NaDodSo4-PAGE. The gel was 
treated for fluorography as previously described (8) and was 
exposed to Kodak XAR-2 film for visualization. 
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peared to be reduced to some extent in the cell 
types tested, including CEFs (Fig. IB). This was 
particularly evident at late times post-infection 
and most likely resulted from protein synthesis 
inhibition following PKR activation. Vero cells 
infected with vPlOSO displayed highly irregular 
protein profiles (Fig. IB). In fact, after 2 hpi 
there was virtually complete shutdown of virus 
and host-specific protein synthesis. The apparent 
host restriction of vPlOSO on L929 cells appeared 
to be temporally distinct from that observed in 
Vero cells, in that protein profiles in vPlOSO- 
infected L929 cells appeared similar to that ob- 
served in wild-type VV-infected cells (Fig. IB). 
However, no significant levels of measurable in- 
fectious virus was produced on L929 cells 
through this time period (Table 1). It can be in- 
ferred from these data that qualitative, as well as 
quantitative, differences exist between the pro- 
tein profiles observed in vPlOSO-infected CEFs, 
and Vero and L929 cells. This is clearly evi- 
denced when comparing infection of CEFs ver- 
sus L929 ceUs, where an anomaly exists between 
the level of virus-induced protein synthesis and 
progeny virus production (Table 1; Fig. IB). 

It is intriguing, indeed, that the host-range re- 
striction of the E3L" VV is temporally distinct 
between Vero and L929 cells (Fig, I). This result 
is reminiscent of previous reports that described 
the host-range restriction of wild-type VV in 
CHO (15,16) and Madin-Darby bovine kidney 
(MDBK) cells (17). Results from these studies 
demonstrated that virus-induced protein synthe- 
sis in CHO-infected cells was defective at inter- 
mediate times post-infection, whereas normal vi- 
rus-induced protein profiles were evident 
throughout the infection period in MDBK cells. 
The complexities of poxvirus-host interactions 
is also exemplified in assessing the nature of the 
abortive-replication phenotype of avipoxviruses 
in mammalian cell systems. More specifically, 
the abortive step in the replication cycle of ca- 
nary pox virus , in many of the mammalian cell 
systems analyzed to ^ate occurs at early times 
post-infection (18). In Vero cells, however, the 
virus displays an abortive-late phenotype, where 
the abortive step occurs prior to the maturation 
of immature virus particles (unpublished results). 

An initial premise as to the nature of the host- 
range function provided by E3L involved the 



dsRNA binding activity of this protein species. 
To test this hypothesis, we evaluated whether 
the expression of a heterologous viral dsRNA 
binding protein, the reovirus a3 protein, restored 
a wild-type host-range phenotype to the E3L~ 
mutant virus, vPlOSO. Insertion of the ct3- 
encoding reovirus S4 gene, under the control of 
the VV eariy/late H6 promoter (19), into vPlOSO 
was performed as described previously (8). Tlie 
resultant VV recombinant, vP1112 (8) was com- 
pared with wild-type VV (VC-2) and vPlOSO for 
its ability to form plaques on Vero cell mono- 
layers. The results are shown in Fig. 2. As ex- 
pected, wild-type VV plaqued efficiently, while 
vPlOSO did not plaque on Vero cell monolayers. 
Significantly, vPlll2, which lacks E3L but ex- 
presses ct3 protein, was fully capable of forming 
plaques on Vero cell monolayers (Fig. 2). Previ- 
ously, vPlll2 was shown to overcome the host 
restriction of an E3L" VV mutant in HeLa cells. 




Mock VC-2 




VP1080 VP1112 

Fig. 2. Ability of wild-type and VV/a3 virus to form 
plaques on Vero cells. Virus stocks were diluted to approxi- 
mately 500 PFU/ml (as determined on CEF cells) and were 
plated onto monolayers of Vero cells, as described previ- 
ously (13). Monolayers were stained with crystal violet 3 
days after infection to visualize plaques from mock-infected 
cells (A); or cells infected with wild-type, VC-2 (B); E3L- 
minus virus, vPlOSO (C); or E3L-minus, a3-expressing vi- 
rus, vPni2 (/)). 

' f 
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and rescue of vPlOSO by a3 correlated with its 
dsRNA binding capacity (8). The suggestion that 
the dsRNA binding activity mechanistically acts 
to overcome the host restriction is further sup- 
ported by results reported by Park et al. (20). In 
these studies a host cell-derived dsRNA binding 
protein, TAR RNA binding protein (TRBP), was 
shown to complement the replication and virus- 
induced protein synthesis of vPlOSO in HeLa 
cells. 

A provocative observation made in the analy- 
sis of E3L expression in VV-infected cells was 
that the gene product is present in the nucleus, 
as well as the cytoplasm (7; B.L. Jacobs, unpub- 
lished results). Since transport of VV-encoded 
proteins to the nucleus of infected cells is uncom- 
mon, it is intriguing to speculate that E3L has an 
additional role to its function as a dsRN A binding 
protein. Results cited earlier, as well as recent 
results, however, do not support this notion, at 
least with respect to the host-range restriction 
observed for an E3L" VV in HeLa cells. In these 
and other studies (8; Chang and Jacobs, submit- 
ted), the ability to complement the E3L" host- 
range restriction correlated with the dsRNA 
binding capacity of either E3L or the heterolo- 
gous dsRNA binding protein. Further, in vitro 
mutagenized E3L variants that retain their 
dsRNA binding capacity but are not transported 
to the nucleus still complement vaccinia E3L" 
virus-induced expression and replication in 
HeLa cells (Chang and Jacobs, submitted). 

Recently, it has been shown that certain vi- 
ruses encode anti-apoptotic functions to delay 
the demise of the host cell and to ensure trans- 
mission of progeny virus (21-23). Specific to 
poxviruses, Ink et al. (6) describe results sug- 
gesting that the cowpox virus CP77kDa gene 
product functions as an anti-apoptotic factor. 
From this, it was inferred that perhaps the VV 
KIL and C7L gene products function in the same 
capacity. UtUizing the VV E3L- mutant, vPlOSO 
(8), it was shown that the VV E3L gene product 
also functions as an anti-apoptotic factor (24, 
B.L. Jacobs, unpublished results) by potentially 
acting through the interferon-induced dsRNA- 
activated protein kinase, PKR. Such results im- 
plicate the existence of a dsRN A-mediated path- 
way leading to apoptosis. The regulation of 
dsRNA by VV-encoded functions, therefore, ap- 



pears critical for suppressing apoptosis in in- 
fected cells. In fact, VV appears to have evolved 
multiple mechanisms that are operative at the 
transcriptional (i.e., ORE A18R; ref. 25) and 
post-transcriptional levels (i.e., ORF E3L) to 
control dsRNA content within the infected cell. 
Differences in the sensitivities between cell sub- 
strates with respect to dsRNA content or in the 
quantity of synthesized virus-induced dsRNA 
may serve as the basis for the host-range pheno- 
type illustrated for the VV E3L~ mutant. 
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1. INTRODUCTION 

The use of a recombinant virus containing a heterologous gene of another microorgan- 
ism as a live vaccine was suggested more than 1 0 years ago (Mackett et al., 1 982; Panicali and 
Paolelti, 1982). Vaccinia virus was considered for such a purpose because of its success as a 
smallpox vaccine and ease and economy of production, distribution and administration (Fenner 
et al., 1988). The extensive experimental use of recombinant vaccinia viruses was facilitated 
by the construction of plasmid transfer vectors containing a vaccinia virus promoter, one or 
more convenient restriction endonuclease sites for inserting a foreign gene, flanking DNA 
sequences for homologous recombination into a non-essential site of the vaccinia virus genome 
and for selection and/or screening of recombinant viruses (Chakrabarti et a!., 1 985; Mackett et 
ah, 1984). Humoral and cell mediated immune responses to an expressed foreign protein and 
protection of experimental animals against challenge with the corresponding pathogen were 
demonstated in a variety of animal model systems (Cox et al., 1 992; Moss, 1 991 ). 

Initial testing of recombinant vaccinia viruses in humans has been reported. A first 
generation recombinant vaccinia virus AIDS vaccine was considered to be immunogenic and 
safe (Cooney et al., 1 99 1 ). Nevertheless, the occurrence of rare adverse reactions to smallpox 
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vaccination and the increased susceptibility of immunodeficient individuals has made further 
attenuation and improved safety a priority for new human vaccines based on vaccinia virus. 
Attenuation can be achieved by deleting genes that contribute to virulence but are non-es- 
sential for replication in tissue culture (Buller et al., 1988; Buller et al., 1985; Tanaglia et 
al., 1992) or by insertion of lymphokine genes (Flexner et at., 1987; Ramshaw et al., 1987). 
An alternative approach is to use one of several highly attenuated strains of vaccinia virus 
that were developed but not extensively used during the smallpox eradication campaign. One 
of these, known as modified vaccinia virus Ankara (MVA), is avirulent in normal or 
immunosuppressed animals and elicited no adverse reactions in 120,000 humans, many of 
whom were at risk for the conventional smallpox vaccine (Hochstein-Mintzel et al., 1972; 
Mayrand Danner, 1979; Mayr et al, 1975; Mayr et al., 1978; Stick! etal., 1974; Werner et 
al., 1980). 

MVA was generated by over 500 passages of the parental strain in chicken embryo 
fibroblasts, during which it became severely host restricted and unable to propagate effi- 
ciently in mammalian cells. In this respect, MVA resembles Avipoxviruses which are also 
being developed as safe vaccines (Taylor et al., 1992). Compared to the parental vaccinia 
virus, MVA contains six major deletions of genomic DNA resulting in the loss of 30,000 
base pairs (bp) or 1 5% of its genetic information (Meyer et al., 1 99 1 ). The block in replication 
of MVA in human and other mammalian cells occurs at a step in virion assembly, allowing 
unimpaired expression of early and late viral or recombinant genes (Sutter & Moss, 1992). 
Thus, MVA is an efficieni as well as a safe vector system. Here, we review examples of the 
use of recombinant MVA to protectively immunize against influenza virus, simian immu- 
nodeficiency virus (SIV), and neoplastic cells in animal model systems. 



2. IMMUNIZATION WITH MVA 

2.1. Immunization against Influenza Virus 

Influenza virus infection of mice provides an experimental model for vaccination 
against a respiratory disease. Previous studies demonstrated that recombinant vaccinia 
viruses expressing the influenza virus hemagglutinin gene (ha) induced type-specific hu- 
moral and cell mediated immune responses and protectively immunized mice against a lethal 
infiuenza virus challenge (Andrew et al., 1 986; Bennink et al., 1 984). Recombinant vaccinia 
viruses expressing the influenza virus nucleoprotein gene (np) induced a less protective but 
cross-reactive CTL response (Andrew et al., 1986; Yewdell et al., 1985). To evaluate MVA 
as a candidate vaccine, both the ha and /ip regulated by vaccinia virus synthetic strong 
early/late promoters were inserted into the MVA genome to form MVA-INF^^,,,, (Sutter et 
al., 1994). Preliminary experiments verified that the genes were expressed and that the 
recombinant virus did not cause a spreading infection or discernible cytopathathology in 
monolayers of mouse L929 cells. Mice inoculated intramuscularly with MVA-INF^^^ 
developed humoral and CTL immune responses to influenza virus proteins in a dose-depend- 
ent manner. A single vaccination with I O** or more infectious units of M VA-INF^,^,,,,^, protected 
mice against a challenge with 1 00 times the lethal dose of influenza virus (Table I ; Sutter el 
al., 1994). Surprisingly, all parameters of immunity including protection were similar or 
better than those induced by standard intradermal vaccination with equivalent doses of 
replication competent vaccinia virus strain WR expressing influenza ha and np. (The lower 
dose of recombinant virus required for protection than for detectable hemagglutinin inhibi- 
tion probably reflects different sensitivities of the />; vivo and m vitro assays). Protection was 
also achieved by nasal vaccination, although higher vaccine doses were required (Table I ). 
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Table !• Protection against lethal challenge with influenza virus' 









Increased HI 




Inoculation site 


Vaccine 


Dosc^ 


titeH 


Survivors^ 


Intramuscular 


MVA 


8 


0/8 


0/8 






6 


0/8 


0/8 








U/i( 


j/JS 














6 


4/8 


8/8 




MVA-INF,,.,^ 


4 


0/16 


14/16 




5 


3/16 


16/16 






6 


7/8 


8/8 


Intranasal 


MVA 


6 


0/8 


0/8 




MVA-INFa,.,^ 


4 


0/8 


0/8 




5 


0/8 


0/8 






6 


0/8 


6/8 



'data from Sutter et al. (1994) with permission. 

-log tissue culture infectious dosej^or plaque forming unit/animal. 

^Number of animals with >4 fold increase in hemagglutinin (HI) titer / total animals 

for each group. 

^Sur\'iving animals/ total animals challenged for each group: 100 LD50 Influenza 
A/PR/8 challenge delivered 10 10-wcck-old-micc, 4 weeks post vaccination. 



2.2. Immunization against SIV 

SIV and human immunodeficiency virus (HIV) are closely related viruses with 
similar genome organizations and CD4 lymphocyte/macrophage tropism. Moreover, SIV 
causes an immunodeficiency disease in macaques that has many of the features of AIDS. 
For these reasons, SIV has been used as an HIV surrogate for vaccine studies. Good 
protection has been obtained by vaccination with live attenuated SIV (Daniel et al., 1992). 
Varying degrees of protection, perhaps partly due to differences in challenge strains, were 
observed with recombinant vaccinia viruses alone or combined with other imrounogens 
(Giavedoni el al., 1993; Hu et al., 1992; Israel et al., 1994). MVA could provide a safer 
alternative to conventional vaccinia vims-based vaccines particularly in populations in 
which AIDS is prevalent. 

A recombinant MVA (M VA-SI V^„^./^(,^/^/^ virus containing the complete envelope and 
gag-polymerase coding regions of HIV-1 regulated by a strong synthetic vaccinia virus 
early/late promoter and a moderate natural vaccinia virus early/late promoter, respectively, 
was constructed (Hirsch et al., 1995). For comparative purposes, the same SIV genes were 
inserted into the Wyelh (WY) vaccine strain of vaccinia virus to generate ^^SW emfgasfpoh 
We verified that the SIV genes were expressed by both recombinant viruses in monkey 
BS-C-l cells. Twelve juvenile rhesus macaques, divided into four groups, were immunized 
four times over a period of 28 weeks with MVA-SIV^^,.y^^g/^/ (n = 4), ^^-^W emigagipot (n = 
4), MVA control virus (n = 2) or WY control virus (n = 2). After 44 weeks, animals receiving 
either recombinant virus were also vaccinated with 250 |ig of whole SIV, inactivated with 
psoralen and ultraviolet light (Johnson et al., 1 992), in saline. No visible lesions were formed 
after the intramuscular inoculations of 5 X 10** infectius units of MVA or MVA-SIV„,./jja^/^/, 
whereas typical cutaneous lesions occured after the first intradermal injection of 10* 
infectious units of WY viruses. MVA-SIV,„^.//;tfjf//w/ induced a sustained antibody response to 
both env and gag proteins whereas WY-SI V^,„,,j(,a^/,^,/ induced detectable antibody only to the 
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Table 2. Responses of vaccinated macaques to SIV challenge 
Parameter MVA or WY conlrois MVA-SlVcnv/gag/pol WY-Sl Vcnv/gag/poi 



Anamnestic antibody 


No 


Yes 


Yes 


PBMC vircmia 


Persistent in 3 of 4 


Transient in 3 of 4 


Persistent in 4 of 4 


Acute phase 








Amigcncmia 


3 of 4 


None 


1 of4 


Plasma viral RNA 


High 


Severely reduced 


Reduced 


PBMC viral copies 


High 


Reduced 


Reduced 


Lymph nodes 








Morphology 


Hyperplastic 


Normal 


Hyperplastic 


In situ 


Numerous positive 


Negative (3 of 4) 


Positive 


Virus load 


High 


Low 


Moderate 


CD4 lymphocytes 


Low (3 of 4) 


Low (I of 4) 


Low <4 of 4) 


Survivors 


I of 4 


4 of 4 


I of 4 



envelope protein. In vitro neutralizing activity to SIV was transient, peaking after the second 
recombinant virus administration, and was not enhanced by the inactivated whole SIV. 

Four weeks after the final boost, all macaques were challenged by intravenous 
injection with 50 monkey infectious doses of cell-free, uncloned, homologous SIV 
{sm/E660) that had been generated in macaque peripheral blood lymphocyte cultures 
(Goldstein et al., 1994). The results of the SIV challenge are summarized (Table 2; Hirsch 
el al., 1995). All of the control animals, immunized with non-recombinant MVA or WY 
strains of vaccinia virus, were infected and three had severe disease requiring them to be 
sacrificed at 14, 22, and 54 weeks post challenge; the fourth appears healthy with a low virus 
load and a normal CD4 count. In contrast to the control animals, the macaques that had been 
vaccinated with recombinant viruses all displayed a rapid anamnestic antibody response to 
SIV. Although the vaccinated macaques were infected with SIV virus replication was 
restricted particularly in three of the four that received MVA-S1V^,,„ In the latter, 

plasma viremia was absent, the viral load in peripheral blood mononuclear cells was reduced, 
lymph nodes contained" 1% or less of the virus from control animals and the architectupc was 
normal, the CD4 counts were maintained, and the animals are still healthy after 62 weeks. 
The fourth MVA-SIV^.nv/gag.iMi! immunized macaque has lymphadenopathy and a low CD4 
count. The group vaccinated with WY-SIV^,^,,^^,^^,,^,^^ less well protected than the group 
vaccinated with MVA-SlV^„,,,j(,y^:^„,: three of the four macaques had to be sacrificed between 
51 and 58 weeks because of secondary infections and the fourth has lymphadenopathy and 
a low CD4 count. At this time, we cannot determine whether inherent genetic differences 
between the vectors accounted for the better immunity induced by recombinant MVA 
compared to recombinant WY or whether differences in the dose or route of inoculation were 
important. Further vaccine trials with MVA-SIV^.„^ .^,^^,^,^/are in progress. 

2.3. Immunization against Neoplastic Cells 

Tumor-associated antigens, that are recognized by CD8* CTL, are potential targets 
for cancer immunotherapy. To evaluate MVA as a vector for tumor antigens, we used a murine 
model system that was previously tested with recombinant vaccinia and fowlpox viruses 
(Bronte et al., 1995; Wang et al., 1995). The BALB/c colon carcinoma cell line CT26.WT 
was stably transfected with the Escherichia coli lacZ gene, which encodes P-galactosidase, 
to generate CT26.CL25. BALB/c mice, immunized intramuscularly with MVA expressing 
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Table 3. Protection against neoplastic cells 



Vaccination 




CT26.WT 


CT26.CL25 


intramuscular 


Dose' 


number of metastases* 


number of metastases^ 


None 




411 


>500 


MVA 


10* 


>500 


>500 


MVA-Pgal 


10* 


>500 


0 


MVA-pgal 


10* 


>500 


2 



' Infectious units. 



'Pulmonary nodules per lung, average of S animals. 



the lacZ model tumor antigen (MVA-Pgal), were protected against intravenous challenge 
with a lethal number of CT26.CL25 cells (Table 3). Pulmonary metastases and death 
occurred in control animals vaccinated with MVA-Pgal and challenged with CT26.WT or 
vaccinated with parental MVA and challenged with CT26.CL25 (Table 3). Therefore, 
protection was specific for virus and cell-lines expressing the model tumor antigen. In 
treatment experiments using mice bearing 3-day established pulmonary tumors, either 
prolonged survival or a reduction in the number of metastases was obtained by immunization 
with MVA-Pgal or by adoptive transfer of in vitro stimulated splenocytes from normal mice 
vaccinated with MVA-pgal. Comparative studies suggested that MVA-Pgal might be more 
effective than WR-Pgal (a replication-competent vaccinia virus expressing P-galactosdiase) 
when used for treatment of established tumors. 



3. SUMMARY 

Three model sytems were used to demonstrate the immunogenicity of highly attenu- 
ated and replication-defective recombinant MVA. ( 1 ) Intramuscular inoculation of M VA-IN- 
F,ta/„p induced humoral and cell-mediated immune responses in mice and protectively 
immunized them against a lethal respiratory challenge with influenza virus. Intranasal 
vaccination was also protective, although higher doses were needed. (2) In rhesus macaques, 
an immunization scheme Involving intramuscular injections of MVA-SIV^^v/^^^/^/ greatly 
reduced the severity of disease caused by an SIV challenge. (3) In a murine cancer model, 
immunization with MVA-Pgal prevented the establishment of tumor metastases and even 
prolonged life in animals with established tumors. These results, together with previous data 
on the safety of MVA in humans, suggest the potential usefulness of recombinant MVA for 
prophylactic vaccination and therapeutic treatment of infectious diseases and cancer. 
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Abstract 

The 'Modified Vaccinia Aakara' (MVA) strain is a potential live vaccine vector. The use of the hemagglutinin (ha) gene of the 
MVA strain as an insertion site for foreign genes was evaluated. To identify the molecular basis of the hemagglutinin-negative 
(HA") phcnotype of MVA, the ha gene and the region around this gene were sequenced. Amino acid (aa) sequence comparisons 
with functional hemagglutinins of other vaccinia strains predicted a functional polypeptide. The late part of the promoter region 
of the ha gene, however, was deleted causing the apparent loss of the ha gene function. Nevertheless, insertion of foreign DNA 
into the ha gene allowed generation of functional recombinant viruses, indicating that the /la-gcnc region is a suitable insertion site. 

Keywords: Recombinant Modified Vaccinia Ankara; Deletion IH; ha Gene promoter 



1. Introduction 

Recombinant vaccinia viruses are presently widely 
used as vectors for gene expression and their potential 
as live vaccines has been evaluated (Moss. 1991). Highly 
attenuated vaccinia strains have been developed, such 
as the CV-1 strain (Kempe et al., 1968), the MVA strain 
(Mayr et al, 1978), and the LC16mO strain (Sugimoto 
and Yamanouchi, 1994). In addition, highly attenuated 
genetically engineered strains have been described 
(Tartaglia ct al, 1992). The vaccinia MVA strain has a 
long passage history in chicken embryo fibroblasts, 
during which six major deletions (termed deletion 1~VI), 
accompanied by a severe restriction in host range, have 
occurred (Mayr et al, 1978; Meyer et al, 1991). MVA 
cannot grow in most mammalian cells and is an ideal 
candidate for a recombinant vaccine vector. Recently, 
viral recombinants have been described using the site of 
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deletion II] to insert a foreign gene into the MVA 
genome (Sutter and Moss, 1992) and protective immu- 
nity in mice to influenza virus of MVA recombinants 
has been demonstrated (Sutter et al, 1994). 

The ha locus is a site into which foreign genes have 
successfully been integrated, e.g. in the vaccinia virus 
WR strain (Flexner et al, 1987). The ha gene is not 
essential for growth of the virus in mammalian cell 
culture, but some degree of viral attenuation is associated 
with the HA" phenotype in animals (Duller and 
Palumbo, 1992). The MVA strain lacks HA functions; 
the gene, however, seemed unaffected by one of the 
deletions, termed deletion III, that occurred close to the 
ha locus (Meyer et al, 1991). We have now sequenced 
the region surrounding the ha gene that included deletion 
111 and evaluated the ha locus as an insertion site for 
foreign genes. 



2. Experimental and discussion 

2. J. Structure of the MVA hemagglutinin gene region 

To investigate the genetic basis for the apparent lack 
of expression of the MVA ha gene, the region around 
the ha locus including deletion Til was sequenced using 
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purified MVA DNA (plaque purified clone M4) as the 
template. The complete ha ORF, including 74 bp of its 
promoter, is present in the MVA genome. An aa sequence 
comparison of the MVA HA with functional HA proteins 
of the vaccinia strains WR (Smith et al., 1991; Cavallaro 
and Esposito, 1992), Copenhagen (Goebel et al., 1990), 
IHD-J (Shida, 1986) and Tiantan (Jin et al., 1989) 
revealed, that the MVA HA protein had no apparent 
mutations that would predict its non-functional state 
(data not shown). Deletion III, however, is located in 
the ha gene upstream region deleting the late promoter 
including Ihe transcription start site, which is located 
141 bp upstream of the translational start site, A compar- 
ison of the ha gene upstream regions of the MVA and 
the Copenhagen strains is depicted in Fig. 1. Previous 
transcriptional characterization of the ha gene revealed 
two promoters, an early and, further upstream, a late 
promoter (Brown et al., 1991aJ991b). HA activity is 
only readily detectable late in vaccinia infection, indicat- 
ing that HA activity is predominantly a function of the 
late promoter (Brown et al., 1991b). Northern blot 
analyses of MVA induced late RNAs using typical early 
and late genes as controls confirmed that late expression 
is greatly reduced as compared to the vaccinia WR 
strain (data not shown). The apparent HA" phenotype 
of MVA is therefore most probably the result of the 

A MVA 



truncation of the promoter region. The early promoter 
and its transcription start site, located 7 bp upstream of 
the start codon, is not aflfectcd by the deletion (Fig. 1). 
This may explain the low level of hemagglutinin inhibit- 
ing antibodies detectable after immunization with MVA 
(Mahnel and Mayr. 1994). The MVA strain, therefore, 
is probably greatly reduced in its HA activity, but not 
fully HA negative. 



2.2. Characterization of deletion III 

From the sequence analysis the extent and the precise 
location of deletion HI could also be defined. The 
deletion spans 3501 bp and is located between positions 
157 611 and 161 111 relative to the vaccinia Copenhagen 
sequence (Goebel et al, 1990). As found earlier (Meyer 
et al., 1991), the A51R ORF is truncated and fused to 
the 3' region of the A55R ORF. The ORFs A52R, A53R 
and A54L are completely deleted. The A55R ORF is 
deleted except for seven carboxy-terminal amino acids. 
The coding region of the ha gene (ORF A56R) is not 
affected by the deletion. The intergenic sequence of 49 bp 
between the A55R and A56R ORFs is unaltered. The 
residual promoter region of the ha gene is 75 bp large 
and includes the C-terminal part of the A55R ORF. 



A51R 75 

GTGGCTGGTA «<«<<«<<<<<«<<<<DELTrOM III >>>»>>>>>»>>>>>>>>>>> 

-74 AS^R -50 
>»»>>»» TTTGGAAAG TTTTAX^'V ASTTGATAGA ACAAAATACA TAATTTTGTA -26 
-7 +1 hemagglutinin (A56Ri 

.MTRLPILLLL 
AAAATAAArC ACTTTTTATA CTAATIOSi ACA CGA ITA CCA ATA CTT TTG TTA CTA +3 0 



B COPENHAGEN 

-141 

T 

TA TAAAT GCC AACCGATTAA ACATAAATAT CCATTGGAAA AXi^CACAGTA CACGAATGAT -76 
-74 A55R 

7TTCTAAAGT A7TTGGAAAG TTTTATAGGT AGTSSA'^^Oh ACAAAATACA TAATTTTGTA -26 
-7 4l hemagglutinin (A56R) 

y .MTRLFILLLL 

AAAATAAATC ACTTTTTATA CTAA TATQ ACA CGA TTA CCA ATA CTT TTG TTA CTA +30 

Fig. 1. Comparison of the ha gene upstream regions of the vaccinia strains MVA and Copenhagen. The stop codon of ORF A55R and the start 
codon of ORF A56R are underlined and in bold letters. The A-residue of the start codon of the ha gene is defined as position -f 1. Dots mark the 
precise location of the positions. The start site for early transcription of the ha gene (Brown et al., 1991b is indicated by an open triangle. The full 
sequence of the MVA ha gene and flanking regions were submitted to the EMBL database (accession Mo. X91135). (A) Tn the MVA sequence 
deletion III (Meyer et al, 1991) is characterized by the fusion of the A-residue of ORF A51R at position -75 (corresponding to position 157 610 
in the Copenhagen strain according to the numbering of Goebel et al., 1990) with the T-residue of ORF A55R at position -74 (position 161 112 
in the Copenhagen sequence) thus deleting 3501 bp. The early promoter region of the ha gene up to position - 74 is conserved in MVA and 
consists of the 49-bp intergenic region between the A55R and A56R ORFs and parts of the A55R ORF. The fusion of the A51R ORF to A55R 
results in a frame shift; the stop codon of the modified A51R ORF at position 60 is underlined. (B) In the wild-type ha gene upstream region of 
the Copenhagen strain the late transcription start site within the conserved TAAAT sequence at position - 141 (underbned, bold lettering) is 
indicated by a black triangle. The promoter region includes the intergenic region and overlaps with the upstream ORF A55R. Methods: The DNA 
sequence of MVA ha gene was determined by direct sequencing of viral DNA, Sequencing was performed on an Applied Biosystems Model 373A 
Sequencer using the cycle sequencing method with dye terminators (PRISM Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit #401 
628; Perkin Elmer, Inc.) as recommended by the supplier. 



G. Amoineei alJGene 177 { 1996) 43-46 



45 



23. Insertion of foreign genes into the ha locus 

The presence of the intact ha ORF allowed this gene 
to be tested as an insertion site. To investigate the 
behavior of MVA viruses with insertions in the ha locus, 
first the insertion piasmids pHAgpt-oFb and pHAgpt 
lacZb were constructed (Fig. 2). The latter plasmid was 
then used in a recombination experiment to insert the 
£. coli genes lacZ and gpt into the MVA genome. Several 
lacZ and gpt positive viruses were selected and plaque 
purified four times. Identification and purification of 
plaques could be normally performed. Pure stocks of 
recombinant virus were obtained after four rounds of 
plaque purification. Small virus stocks were prepared 
and used for infections of chicken embryo fibroblasts. 
After 72 h total DNA was prepared, digested with 
HindUl or A/coI, separated on a 1% agarose gel and 
further processed according to a standard Southern blot 
procedure. 

In the HindUl digests, the expected fragments of about 
42 and 5.0 kb were detected (Fig. 3, lanes 1-6 marked 
'/frndlir). In the Ncol digested genomic DNA, a large 
fragment of about 9.0 kb, corresponding to the expected 
size for lacZ /gpt insertion into the HA locus, was 
detectable (lanes 8-13, marked "NcoV], In the wild-type 
virus controls the expected bands of about 46 kb (lane 
7, *MVA WT) and 3.4 kb (lane 14, 'MVA WT) were 
found. In addition, the Ncol digests confirmed that no 
wild-type virus was present in the recombinant stocks. 
Large scale virus preparations revealed that the titers of 
the recombinants with the ha gene insertions were similar 
to that of the MVA wild-type virus. 



P7.5 




Fig. 2. Schematic representation of the ha gene insertion piasmids. gpt, 
E. coli \anlhine guanine phosphoribosyltransferase gene; lacZ, E. coli 
S-galactosidase gene; Pll (P7.5), promoter of the vaccinia virus gene 
coding for the IJ kDa (7,5 kDa) polypeptide; pTZ, plasmid sequences 
of pTZ19R (Pharmacia, Inc.); arrows indicate the orientation of 
transcription. Methods: Construction of the plasmid pHAgptlacZb. To 
construct this plasmid, first the plasmid pHA was generated by 
inserting, between the two PvuW sites of pTZ19R (Pharmacia, Inc.), 
the 1.5-kb HincU fragment spanning the vaccinia WR hemagglutinin 
gene. By inserting the 1.7-kb H pal- Oral fragment (this fragment 
enharbors the J^7.5-gpt gene cassette and the Pll promoter including 
adjacent unique cloning sites and was prepared from plasmid pTKgpt- 
Fts; Falkner and Moss. 1988) into the unique Nru\ site of pHA, the 
orientational isomeric piasmids pHAgpi-oKa and pHAgpt-oKb were 
obtained (Langmann, 1991). Insertion of the lacZ gene, {obtained as 
a BamHI fragment from plasmid pSCll; Chakrabarti ct a!,. 1985) 
into pHAgpt-oFb resulted in the plasmid pHAgpt lacZb. 



ff/ndlll Ncol 




Fig. 3. Southern blot analysis of MVA vaccinia recombinants. Genomic 
HmdIII and Ncol DNA fragments of MVA isolates are shown in the 
indicated lanes; arrows and numbers at the right side indicate the size 
of the bands in kb. Methods: Construction of the recombinants. 
Standard vaccinia recombination protocols were used (Mackcti ct al., 
1985). The tacZ screening and gpt selection procedures have been 
described previously (Chakrabarti et al., 1985; Falkner and Mo.ss, 
1988). For the Southern blots, the genomic HindlJl and Ncol 
fragments were separated by agarose gel electrophoresis, blotted and 
hybridized to a ha gene specific probe (the plasmid pHA). 

Although the ha locus had previously been shown to 
be a potential integration site in other vaccinia strains, 
the special properties of MVA such as extreme attenua- 
tion, its apparent HA" phenotype and highly restricted 
host range made the evaluation of the ha gene as an 
insertion site necessary. In contrast to insertion of foreign 
genes into the MVA thymidine kinase gene, which due 
to further attenuation, is possible only if tk gene activity 
is restored (Scheiflinger et al., 1996), the MVA ha gene 
is a functional insertion site. 



3. Conclusions 

The vaccinia virus vaccine strain MVA encodes a ha 
gene with an intact open reading frame, but with a 
truncated promoter, which is the probable cause of the 
apparent HA^ phenotype. The early part of the pro- 
moter is intact, explaining low residual levels of HA 
activity. 

The MVA strain has lost 3501 bp in the upstream ha 
gene region (deletion III) as compared to the correspond- 
ing sequence in the vaccinia strain Copenhagen. 

The ha gene of the strain MVA is a suitable insertion 
site for the integration of foreign genes. 
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/ Headnotes 

PATENTS j 

1. Claims — Indefinite In general (§ 20.551) 

Construction of specification and claims By prior art (§ 22.20) 

Analysis of 35 y.S.C. 1 12 second paragraph rejection should begin with 
determination of whether claims satisfy requirements of second paragraph; first inquiry, 
therefore, is to determine whether claims set out and circumscribe particular area with 
reasonable degree bf precision and particularity; it is here where defmiteness of language 
employed must be analyzed, not in vacuum, but always in Ught of teachings of prior art 
and of particular application disclosure as it would be interpreted by one possessing 
ordinary level of skill in pertinent art. 

2. Claims Indefinite - In general (§ 20.551) 

Claims — Specification must support (§ 20.85) 

Undue breadth of claims is not indefmiteness. 



3. Construction of specification and claims — By specification and drawings 
general (§ 22.251) 

Claim language must be read in light of specification as it would be interpreted by 
one of ordinary skill in art. 



In 



4. Claims — Indefinite In general (§ 20.551) 
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Claims Specification must support (§ 20.85) 

Pleading and practice in Patent Office Rejections (§ 54.7) 

Specification — Sufficiency of disclosure (§ 62.7) 

Examiner's rejection premised on general ground that claims are "broader than the 
express limitation disclosed as defining the invention" and specific grounds that "express 
disclosure is clearly limited to the sigma value recited in claim 1," raises lack of 
enablement issue properly arising under first not second paragraph of Section 1 12. 

5. Specification — In general (§ 62.1) 
Specification -- Claims as disclosure (§ 62.3) 

It is function of specification, not claims, to set forth "practical limits of operation" of 
invention; one does not look to claims to find out how to practice invention they define, 
but to specification. 

6. Claims Specification must support (§ 20.85) 
Construction of specification and claims — In general (§ 22.01) 

Specification Sufficiency of disclosure (§ 62.7) 

Specification as whole must be considered in determining whether scope of 
enablement provided by specification is commensurate with scope of claims. 

7. Construction of specification and claims Broad or narrow ~ In general 
(§ 22.101) 

Patent grant Intent of patent laws (§ 50.15) 
Specification Sufficiency of disclosure (§ 62.7) 

Claims must adequately protect inventors to provide effective incentives; to demand 
that first to disclose shall limit his claims to what he has found will work or to materials 
that meet guidelines specified for "preferred" materials in involved process would not 
serve constitutional purpose of promoting progress in useful arts. 

8. Applications for patent — Continuing (§ 15.3) 

Applicants are entitled to benefit of filing date of parent appUcation that discloses 
invention of appUcation in manner provided by Section 1 12, paragraph 1. 

9. Claims Broad or narrow — In general (§ 20.201) 
Estoppel Involving interference (§ 35.20) 

It is for inventor to decide what bounds of protection he will seek; it is applicant's 
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right to retreat to otherwise patentable species merely because he erroneously thought he 
was first with genus when he filed. 



10» Specification — Sufficiency of disclosure (§ 62.7) 

Notion that one who fully discloses, and teaches those skilled in art how to make and 

Page 188 

use genus and numerous species has failed to disclose and teach those skilled in art how 
to make and use genus minus two species and has thus failed to satisfy Section 1 12 first 
paragraph requirement results from hypertechnical application of legaUstic prose relating 
to that provision of statute. 

11. Pleading and practice in Patent Office — In general (§ 54.1) 
Specification — Sufficiency of disclosure (§ 62.7) 

While insufficiency under 35 U.S.C. 1 12 cannot be cured by citing causes for 
insufficiency, it is not true that factual context out of which question under Section 1 12 
arises is immaterial; specification having described whole invention necessarily described 
part remaining after invention of another was excised. 

Particular patents — Polyarylene Polyethers 

Johnson and Farnham, Polyarylene Polyethers, rejection of claims 1-9, 64, and 68-72 
reversed. 



Case History and Disposition: 

Appeal from Patent and Trademark Office Board of Appeals. 

Application for patent of Robert N. Johnson and Alford G. 
Farnham, Serial No. 230,091, filed Feb. 28, 1972, continuation-in-part of 
application Serial No. 295,519, filed July 16, 1963. From decision 
rejecting claims 1-9, 64, and 68-72, applicants appeal. Reversed; Lane, 
Judge, dissenting in part with opinion. 
Attorneys: 

Robert C. Brown and Aldo J, Cozzi, both of New York, N.Y. (James 
C. Arvantes, New York, N.Y., of counsel) for appellants. 

Joseph F. Nakamura (Henry W. Tarring, II, of counsel) for 
Commissioner of Patents and Trademarks. 
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Judge: 

Before Markey, Chief Judge, and Rich, Baldwin, Lane, and Miller, Associate Judges. 

Opinion Text 

Opinion By: 

Markey, Chief Judge. 

This appeal is from the decision of the Patent and Trademark Office (PTO) Board of 
Appeals affirming the rejection under 35 USC 102 or 103 (the rejection also raises a 
written description issue under 35 USC 1 12, first paragraph) of claims 1-9, 64, and 68-70 
and the rejection under 35 USC 1 12, first paragraph (enablement) and second paragraph 
(indefiniteness), of claims 64 and 68-72 in appellants' application No. 230,091 filed 
February 28, 1972 (the 1972 application) for Tolyarylene Polyethers." 1 The 1972 
application is a continuation-in-part of three earUer appUcations, the earliest being 
appUcationNo. 295,519 filed July 16, 1963 (the 1963 appUcation). We reverse. 

The Invention 

The invention is in the field of polymer chemistry and more specifically relates to 
linear thermoplastic polyarylene polyether polymers composed of recurring units having 
the general formula 

Graphic material consisting of a chemical formula or diagram set at this point is not 
available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 202-452-4323, 
where O represents an oxygen atom, ^ E represents the residuum of a dihydric phenol ^ 
compound, and E' represents the residuum of a benzenoid compound having one or more 
inert electron withdrawing groups ^ in the ortho ^ or para ^ positions to the valence bonds 
and where both E and E' are bonded to the ether oxygens through aromatic carbon atoms. 

Appellants describe a method of synthesizing these polymers by reacting a double 
alkali metal salt of a dihydric phenol with a dihalobenzenoid compound in the presence 
of certain solvents under substantially anhydrous reaction conditions. 

The 1972 appUcation includes the following disclosure with respect to the electron 
withdrawing group found in E' and in the E' precursor compound, that is, in the 
compound which is the predecessor of E' in the above general formula (we have 
designated paragraphs [A] and [B] and have added emphasis thereto): 

Any electron withdrawing group can be employed as the activator group 
in these compounds. It should be, of course, inert to the reaction, but otherwise its 
structure is not critical. Preferred are the strong activating groups such as the 
sulfone group 

Page 189 

Graphic material consisting of a chemical formula or diagram set at this point is 
not available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 
202-452-4323. 

bonding two halogen substituted benzenoid nuclei as in the 4,4'-dichlorodiphenyl 
sulfone and 4,4'-difluorodiphenyl sulfone, although such other strong 
withdrawing groups hereinafter mentioned can also be used with equal ease. 
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The more powerful of the electron withdrawing groups give the fastest reactions and 
hence are preferred. It is further preferred that the ring contain no electron supplying 
groups on the same benzenoid nucleus as the halogen; however, the presence of other 
groups on the nucleus or in the residuum of the compound can be tolerated. Preferably, 
all of the substituents on the benzenoid nucleus are either hydrogen (zero electron 
withdrawing), or other groups having a positive sigma alvalue, as set forth in J.F. Bunnett 
in Chem. Rev. 49 273 (1951) and Quart. Rev., 12, 1 (1958). See also Tafl, Steric Effects 
in Organic Chemistry, John Wiley & Sons (1956), chapter 13; Chem. Rev., 53, 222; 
JACS, 74, 3120; and JACS, 75, 4231. ^ 

The electron withdrawing group of the dihalobenzenoid compound can function 
either through the resonance of the aromatic ring, as indicated by those groups having a 
high sigma alvalue, i.e., above about +0.7 or by induction as in perfluoro compounds and 
like electron sinks. 

Preferably the activating group should have a high sigma aSvalue, preferably above 
1. 0, although sufficient activity to promote the reaction is evidenced in those groups 
having a sigma value above 0. 7, although the reaction rate with such a low powered 
electron withdrawing group may be somewhat low. 

The activating group can be basically either of two types: 

(a) monovalent groups that activate one or more halogens on the same ring as a nitro 
group, phenyl sulfone, or alkylsulfone, cyano, trifluoromethyl, nitroso, and hetero 
nitrogen as in pyridine. 

(b) divalent group [sic] which can activate displacement of halogens on two different 
rings, such as the sulfone group 

Graphic material consisting of a chemical formula or diagram set at this point is not 
available. See text in hardcopy or callBNA PLUS at 1-800-452-7773 or 202-452-4323. 
; the carbonyl group 

Graphic material consisting of a chemical formula or diagram set at this point is not 
available. See text in hardcopy or callBNA PLUS at 1-800-452-7773 or 202-452-4323. 
; the vinyl group 

Graphic material consisting of a chemical formula or diagram set at this point is not 
available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 202-452-4323. 
; the sulfoxide group 

Graphic material consisting of a chemical formula or diagram set at this point is not 
available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 202-452-4323. 
; the azo group -N=N-; the saturated fluorocarbon groups -CF 2CF 2-; organic phosphine 
oxides 

Graphic material consisting of a chemical formula or diagram set at this point is not 
available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 202-452-4323. 
; where R is a hydrocarbon group, and the ethylidene group 

Graphic material consisting of a chemical formula or diagram set at this point is not 
available. See text in hard copy or callBNA PLUS at 1-800-452-7773 or 202-452-4323. 
where X can be hydrogen or halogen or which can activate halogens on the same ring 
such as with difluorobenzoquinone, 1,4- or 1,5- or 1,8- difluoroanthraquinone. 

IB] 

Those skilled in the art will understand that a plurality of electron withdrawing 
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groups may be employed if desired, including electron withdrawing groups having a 
Sigma a4value below about +0 J provided the cumulative sigma aSinfluence on each of 
the reactive halogen groups of the halobenzenoid compound is at least about +0. 7. 

Page 190 

The Disclosure and Prosecution History of the 1963 Application 

To understand the written description issue in this appeal, it is necessary to 
summarize the disclosure and prosecution history of the 1963 appUcation. The 1963 
application described (and claimed) in haec verba a genus of polymers as defined by the 
above general formula. That application stated: 

The high molecular weight polyarylene polyethers of the present invention 
are the linear thermoplastic reaction products of an alkali metal double salt of a 
dihydric phenol and a dihalobenzenoid compound. Characteristically, this 
polymer has a basic structure composed of recurring units having the formula 
-O-E-O-E- 

wherein E is the residuum of the dihydric phenol and F is the residuum of the 
benzenoid compound, both of which are valently bonded to the ether oxygen 
through aromatic carbon atoms, as hereinafter more fully discussed. Polymers of 
this type exhibit excellent strength and toughness properties as well as 
outstanding thermal, oxidative and chemical stability. 
The 1963 application then discussed the identity of E and the E precursor compound, 
that is, the compound which is the predecessor of E in the general formula. It stated: 

The residuum E of the dihydric phenol of these alkali metal salts is not 
narrowly critical. It can be, for instance, a mononuclear phenylene group as 
results from hydroquinone and resorcinol, or it may be a di- or polynuclear 
residuum. Likewise it is possible that the residuum be substituted with other inert 
nuclear substituents such as halogen, alkyl, alkoxy and like inert substituents. 

Such dinuclear phenols can be characterized as having the structure: 
Graphic material consisting of a chemical formula or diagram set at this point is 
not available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 
202-452-4323. 

wherein Ar is an aromatic group and preferably is a phenylene group, Y and Y 
lean be the same or different inert substituent groups as alkyl groups having from 
1 to 4 carbon atoms, halogen atoms, i.e. fluorine, chlorine, bromine or iodine, or 
alkoxy radicals having from 1 to 4 carbon atoms, r and z are integers having a 
value from 0 to 4, inclusive, and R is representative of a bond between aromatic 
carbon atoms as in dihydroxydiphenyl, or is a divalent radical, including for 
example, inorganic radicals as 

Graphic material consisting of a chemical formula or diagram set at this point is 
not available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 
202-452-4323. 

, -0-, -S-, -S-S-, -SO 2-, and divalent organic hydrocarbon radicals such as 
alkylene, alkylidene, cycloaliphatic, or the halogen, alkyl, aryl or like substituted 
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alkylene, alkylidene and cycloaliphatic radicals as well as alkalicyclic, alkarylene 
and aromatic radicals and a ring fused to both Ar group[s]. 
The appUcation then mentioned by name some fifty specific dihydric dinuclear 
phenol (bisphenol) compounds which could be the E precursor compound. The 
appUcation further stated: 

A preferred form of the polyarylene polyethers of this invention are those 
prepared using the dihydric polynuclear phenols of the following four types, 
including the derivatives thereof which are substituted with inert substituent 
groups 

Graphic material consisting of a chemical formula or diagram set at this point is 
not available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 
202-452-4323. 

in which the R group represents hydrogen, lower alkyl, lower aryl and the halogen 

substituted groups thereof, which can be the same or different. 

Graphic material consisting of a chemical formula or diagram set at this point is 

not available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 

202-452-4323. 

Graphic material consisting of a chemical formula or diagram set at this point is 
not available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 
202-452-4323. 

Graphic material consisting of a chemical formula or diagram set at this point is 
not available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 
202-452-4323. 

Turning to the identity of the E' precursor compound, the application stated: 
Any dihalobenzenoid compound or mixture of dihalobenzenoid 
compounds 

Page 191 

can be employed in this invention which compound or compounds has the two 
halogens bonded to benzene rings having an electron withdrawing group in at 
least one of the positions ortho and para to the halogen group. The 
dihalobenzenoid compound can be either mononuclear where the halogens are 
attached to the same benzenoid ring or polynuclear where they are attached to 
different benzenoid rings, as long as there is the activating electron withdrawing 
group in the ortho or para position of that benzenoid nucleus. 
The 1963 application also included a discussion of the electron withdrawing group 

that was substantially the same as the paragraphs quoted above from the 1972 

appUcation. 

The 1963 application contained twenty-six "examples" disclosing in detail the 
physical and chemical characteristics of fifteen species of polyarylene polyethers. One of 
the species was the polymer composed of these recurring structural units (which we 
designate as species [1]): ^ 
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Graphic material consisting of a chemical formula or diagram set at this point is not 
available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 202-452-4323, 

Another species disclosed was the polymer composed of these recurring structural units 
(which we designate as species [2]): ^ 

Graphic material consisting of a chemical formula or diagram set at this point is not 
available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 202-452-4323, 

Appellants' 1963 appUcation became involved in a three-party interference which 
resulted in an award of priority adverse to appellants from which they did not appeal. 
"] The sole count of the interference recited species [1]. 

After their involvement in the interference ended, appellants filed the 1972 
application, and they sought broad claims which would at the same time exclude the 
subject matter of the lost count. 

The Claims 

Claim 1, now on appeal, is illustrative of the group of claims (claims 1-9, 64, and 68- 
70) which seek to exclude the subject matter of the lost count and which are involved in 
the 35 use 102 or 103 rejection: 

1. A substantially linear thermoplastic polyarylene polyether composed of 
recurring units having the general formula: 

Graphic material consisting of a chemical formula or diagram set at this point is 
not available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 
202-452-4323, 

where E is the residuum of a dihydric phenol and F is the residuum of a 
benzenoid compound having an inert electron withdrawing group in one or more 
of the positions ortho and para to the valence bonds having a sigma al value above 
about +0.7, and where both of said residuum [sic, residua] are valently bonded to 
the ether oxygens through aromatic carbon atoms with the provisos that E andE' 
may not both include a divalent sulfone group and may not both include a 
divalent carbonyl group linking two aromatic nuclei. [Emphasis added.] 
The first "proviso" in claim 1, that "E and E' may not both include a divalent sulfone 

group," excludes species [1], the species of the lost count. The second "proviso," that "E 

and E' * * * may not both include a divalent carbonyl group," excludes species [2], which 

appellants state is "analogous" or "equivalent" to species [1]. 

Claims 64 and 71 are illustrative of the group of claims (claims 64 and 68-72) 

rejected under 35 USC 1 12, first and second paragraphs: 

64. A substantially linear thermoplastic polyarylene polyether composed 
of recurring units having the general formula: 

Graphic material consisting of a chemical formula or diagram set at this point is 
not available. See text in hard copy or call BNA PLUS at 1-800-452-7773 or 
202-452-4323. 

where E is the residuum of a dihydric phenol and E' is the residuum of a 

Page 192 
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benzenoid compound having one or more inert electron withdrawing groups in at 
least one of the position [sic, positions] ortho and para to the valence bonds 
having a sigma alvalue sufficient to activate a halogen atom and where both of 
said residuum [sic, residua] are valently bonded to the ether oxygens through 
aromatic carbon atoms with the provisos that E and E' may not both include a 
divalent carbonyl group linking two aromatic nuclei. [Emphasis added.] 

71. The process for preparing substantially linear polyarylene polyethers 
which comprises reacting substantially equimolar amounts of an alkali metal 
double salt of a dihydric phenol with a dihalobenzenoid compound having 
halogen atoms activated by an inert electron withdrawing group in at least one of 
the positions ortho and para to the halogen atom, under substantially anhydrous 
conditions and in the Uquid phase of an organic solvent having the formula: 
Graphic material consisting of a chemical formula or diagram set at this point is 
not available. See text in hard copy or call BNA PLUS at 1-800-452-777 3 or 
202-452-4323. 

in which R represents a member of the group consisting of monovalent lower 
hydrocarbon groups free of aliphatic unsaturation on the alpha carbon atom and, when 
connected together represents a divalent alkylene group, and Z is an integer from 1 to 2 
inclusive. [Emphasis added.] 

The Rejections 

The sole reference relied upon by the examiner and the board is: 
Netherlands 6,408,130 January 18, 1965 

Claims 1-9, 64, and 68-70 were rejected under 35 USC 102 or 103 as unpatentable in 
view of the Netherlands patent, which is a foreign-filed counterpart of appellants' 1963 
appUcation. 

Before the PTO, appellants conceded that the invention was fully disclosed in the 
Netherlands patent. However, appellants contended that the claims are entitled to the 
benefit of the 1963 filing date under 35 USC 120, 1^ and therefore the Netherlands patent 
is not available as a prior art reference. 

The examiner and the board were of the view that the claims are not entitled to the 
1963 filing date because the presently claimed subject matter is not "described" in the 
1963 apphcation as required by the first paragraph of 35 USC 1 12. As explained by the 
board: 

The question determinative of the issue at hand is thus whether or not 
appellants are entitled to the filing date of their parent application Serial No. 
295,519, i.e., July 16, 1963. An answer to this question quite obviously depends 
on what is the invention defined by the instant claims. Is it the same as the one 
disclosed in [the] parent case or does it differ therefrom in a manner which 
precludes the instant claims from being afforded the filing date of the parent case? 

Under the rationale of the CCPA as set forth in In re Welstead, 59 CCPA 
1 105, 463 F.2d 1 1 10, 174 USPQ 449 (compare also In re Lukach et al., 58 CCPA 
1233, 442 F.2d 967, 169 USPQ 795 , and In re Smith [(I)], 59 CCPA 1025, 458 
F.2d 1389, 173 USPQ 679 ), which we deem controlling, we are constrained to 
conclude that the present claims are not entitled to the filing date of appellants' 
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parent case Serial No. 295,519. The claims at issue contain provisos that E and E 
may not both include a divalent sulfone group and may not both include a divalent 
carbonyl group linking two aromatic nuclei. The artificial subgenus thus created 
in the claims is not described in the parent case and would be new matter if 
introduced into the parent case. It is thus equally "new matter/' i.e., matter new to 
the present application for 

Page 193 

which no antecedent basis exists in the parent case. Consequently, appellants are 
not entitled to rely on the filing date of their parent case to support a new 
subgenus for which no basis exists in the parent case. The reason why appellants 
now limit their claims to exclude those species eliminated by the provisos, i.e., 
loss in an interference, is manifestly immaterial. 

Having reached the conclusion that appellants are not entitled to the filing 
date of their parent case for the subject matter defined by the present claims which 
delineate a new subgenus not described in the parent case, it follows that the 
Netherlands patent is a valid reference which, by appellants' own admission, fully 
meets the claims. The indicated rejection of claims 1-9, 64 and 68-70 under 35 
U.S.C. 102 as unpatentable over the Netherlands patent is thus affirmed. The 
alternative reliance by the Examiner on Section 103 is inconsequential, Section 
102 of the statute being the epitome of Section 103. In re Pearson, (CCPA), 494 
F.2d 1399, 181 USPQ 641 . 
Claims 64 and 68-72 were rejected under 35 USC 1 12, first and second paragraphs. In 
his Answer, the examiner stated that the claims were rejected under §112, first paragraph, 
for "being broader than the enabling disclosure" and under §112, second paragraph, 1^ for 
being "broader than the express Umitations disclosed as defining the invention." The 
examiner said the "specific deficiencies of the claims and disclosure" are that the 
expression "to activate a halogen" (claim 64) is "indefinite" because "it does not specify 
toward what the activation is" and that "[t]he express disclosure is clearly limited to the 
sigma[ al] value recited in claim 1, for example: see [[A] and [B]]." 
In affirming the examiner on these rejections, the board stated: 

Further, claims 64 and 68-72 stand finally rejected under 35 U.S.C. 1 12 as 
being broader than the enabling disclosure (first paragraph) and broader than the 
express limitations disclosed as defining the invention (paragraph two). 

It is the Examiner's position that "to activate a halogen atom'* (claim 64) is 
indefinite and that the disclosure also is limited to dihalobenzenoid compounds 
not broadly merely "activated by an inert electron withdrawing group" (claims 68- 
72) but the activation must have a sigma alvalue above about +0.7. 

We agree with this rejection. The specification makes it quite clear that a 
minimum sigma aSactivation value of the halogen atoms is required (note 
especially [[A]]) and an undefined sigma a4value thus lacks the requisite 
preciseness commensurate with the enablement of the disclosure. 

Opinion 

A The Rejections of Claims 64 and 68-72 under §112 

Claims 64 and 68-72 were rejected under both the first and second paragraphs of 35 
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use 112. 

[l]We begin with the rejections under the second paragraph of §1 12. As stated in In 
re Moore, 58 CCPA 1042, 1046-1047, 439 F.2d 1232, 1235, 169 USPQ 236, 238 (1971): 
Any analysis in this regard should begin with the determination of whether the 
claims satisfy the requirements of the second paragraph. * * * 

This first inquiry therefore is merely to determine whether the claims do, 
in fact, set out and circumscribe a particular area with a reasonable degree of 
precision and particularity. It is here where the definiteness of the language 
employed must be analyzed — not in a vacuum, but always in light of the 
teachings of the prior art and of the particular apphcation disclosure as it would be 
interpreted by one possessing the ordinary level of skill in the pertinent art. 
[Footnote omitted.] 

The examiner's §112, second paragraph, rejection was premised on the general 
ground that the claims are "broader than the express limitations disclosed as defining the 
invention" and on two specific grounds: (a) that the expression "to activate a halogen 
atom" is "indefinite" because "it does not specify toward what the activation is;" and (b) 
that "[t]he express disclosure is clearly Umited to the sigma[ a5] value recited in claim 1, 
for example: see [[A] and [B]]." The board affirmed and stated: "an undefined sigma 
a6 value thus lacks the requisite preciseness * * (Emphasis added.) 

Page 194 

Ground (a) focuses on the specific phrase "to activate a halogen atom." But the 
language is found only in claim 64, not in claims 68-72. Claim 68 recites "a 
dihalobenzenoid compound having halogen atoms activated by an inert electron 
withdrawing group," and claims 71 and 72 have a similar recitation. (Claims 69 and 70 
depend from claim 68.) Those recitations clearly specify "toward what the activation is," 
as the examiner would require. Ground (a), therefore, lacks merit with respect to claims 
68-72. 

[2]Product claim 64 defines the complete polymer structure by describing the 
constituents partially in terms of their functions in the reaction and by their linkage into 
the end-product polymer. The specification provides further guidance on the meaning of 
the E* term: 

It is seen also that as used herein, the E' term defined as being the 
"residuum of the benzenoid compound" refers to the aromatic or benzenoid 
residue of the compound after the removal of the halogen atoms on the benzenoid 
nucleus. [Emphasis added.] 
It is also clear from the specification as a whole, that two keys to the polymerization 
reaction are inert electron withdrawing groups particularly positioned on the benzenoid 
nucleus and a cumulative sigma alvalue attributable to those withdrawing groups which 
is sufficient to activate a halogen atom on that nucleus. If the sigma alvalue is not 
sufficient to activate a halogen atom on the benzenoid nucleus, the reaction will not take 
place and the polymer will not be made. See In re Angstadt, 537 F.2d 498, 190 USPQ 
214 (CCPA 1976). The specification adequately details which sigma a3 values are 
sufficient to carry out the reaction, and any person skilled in the art would immediately 
recognize from the above-quoted portion of the disclosure or the specification as a whole 
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that the halogen atom mentioned in claim 64 was on the benzenoid nucleus prior to the 
reaction. It is clear that those skilled in the art would have no trouble ascertaining 
whether any particular polymer falls within the scope of claim 64. See In re Gofife, 526 
F.2d 1393, 188 USPQ 131 (CCPA 1975). The questioned limitation is merely 
surplusage, since the claim would be definite with or without it. 

[3]The point made by the board, that "an undefined sigma a4value" lacks 
"preciseness," is also unsound. Claim language must be read in light of the 
specification as it would be interpreted by one of ordinary skill in the art. In re Moore, 
supra. As pointed out above, those skilled in the art will be able to determine immediately 
from appellants' detailed specification what level of activation (i.e., sigma a5 value) is 
necessary to practice the invention. Cf In re Mattison, 509 F.2d 563, 184 USPQ 484 
(CCPA 1975). We conclude that the subject matter embraced by claims 64 and 68-72 is 
definite and that the claims set out and circumscribe a particular area with a reasonable 
degree of precision and particularity. In re Angstadt, supra; In re SkoU, 523 F.2d 1392, 
187 USPQ 481 (CCPA 1975); In re Watson, 517F.2d465, 186 USPQ 11 (CCPA 1975); 
In re Moore, supra. Therefore, the rejection of claims 64 and 68-72 under the second 
paragraph of 35 USC 1 12 is reversed. 

[4]The examiner's general ground and his ground (b) raise a lack of enablement issue 
properly arising under the first, not the second, paragraph of §1 12. Ground (b) simply 
supplies the examiner's reasoning in support of the rejection of the claims under §112, 
first paragraph, as "broader than the enabling disclosure," 

As appellants state, the crux of this lack of enablement rejection is that although the 
specification describes how the halogen atoms bonded to the dihalobenzenoid compound 
(the E' precursor compound) must be activated in order for polymerization to occur, the 
claims at issue do not recite a numerical definition of the degree of activation (a 
minimum sigma a6value) required from the electron withdrawing group. The PTO 
position is that the claims must recite a minimum sigma aTvalue in order to conform the 
scope of the claims to the scope of enablement provided by the specification. The PTO 
relies on statements [A] and [B] to prove that the scope of enablement 

Page 195 

provided by the specification is not commensurate with the scope of the claims. 

[5]First, we note that it is the function of the specification, not the claims, to set forth 
the "practical Umits of operation" of an invention. In re Rainer, 49 CCPA 1243, 1248, 
305 F.2d 505, 509, 134 USPQ 343, 346 (1962). One does not look to claims to find out 
how to practice the invention they define, but to the specification. In re Roberts, 470 F.2d 
1399, 1403, 176 USPQ 313, 315 (CCPA 1973); In re Fuetterer, 50 CCPA 1453, 319 F.2d 
259, 138 USPQ 217 (1963). 

[6] Second, we note that the specification as a whole must be considered in 
determining whether the scope of enablement provided by the specification is 
commensurate with the scope of the claims. In re Moore, supra at 1047, 439 F.2d at 1235, 
169 USPQ at 238-39. 

The present specification includes broad statements such as: "Any electron 
withdrawing group can be employed as the activator group in these compounds." The 
specification also discusses preferred embodiments, alternative embodiments, and the 
practical limits of operation. 
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Statement [A] describes preferred embodiments and practical limits of operation. It 
says that electron withdrawing groups having a high sigma alvalue ("preferably above 
1 .0") are preferred and that the practical limit of operation of the polymerization reaction 
is reached when the electron withdrawing group has a sigma a2value of 0.7 (at that value 
the reaction rate "may be somewhat low"). 

Statement [B] describes an alternative embodiment ("a plurality of electron 
withdrawing groups") and the practical limit of operation for this embodiment. It states 
that the cumulative sigma aSinfluence should be "at least about +0.7." 

[7]The PTO would limit appellants to claims reciting a sigma a4value of at least 0.7. 
This view is improper because it requires the claims to set forth the practical limits of 
operation for the invention and it effectively ignores the scope of enablement provided by 
the specification as a whole. As we said in In re Goffe, 542 F.2d 564, 567, 191 USPQ 
429, 431 (CCPA 1976): 

[T]o provide effective incentives, claims must adequately protect inventors. To 
demand that the first to disclose shall limit his claims to what he has found will 
work or to materials which meet the guidelines specified for "preferred" materials 
in a process such as the one herein involved would not serve the constitutional 
purpose of promoting progress in the useful arts. See In re Fuetterer, 50 CCPA 
1453, 1462, 319F.2d 259, 265, 138 USPQ 217, 223 (1963). [Footnote omitted.] 
The rejection of claims 64 and 68-72 under the first paragraph of 35 USC 1 12 is 
reversed, 

//. The Rejection of Claims 1-9, 64, and 68-70 Under §102 or 
§103, Raising Issues Under §112 and §120 

[8]We are convinced that the invention recited in claim 1 is "disclosed in the manner 
provided by the first paragraph of section 1 12" in the 1963 apphcation and that claim 1 is 
therefore entitled to the benefit of the 1963 filing date. The only inquiry is whether, 
after exclusion from the original claims of two species specifically disclosed in the 1963 
apphcation, the 1963 disclosure satisfies §112, first paragraph, for the "limited genus" 
now claimed. 

While the board found that "no antecedent basis exists in the parent case" for the 
"hmited genus" in claim 1, we see more than ample basis for claims of such scope. The 
1963 disclosure is clearly directed to polymers of the type claimed. Fifty specific choices 
are mentioned for the E precursor compound, a broad class is identified as embracing 
suitable choices for the E' precursor compound, and twenty-six "examples" are disclosed 
which detail fifteen species of polyarylene polyethers. Only fourteen of those species and 
twenty-three of the "examples" are within the scope of the claims now on appeal. Two of 
the many choices for E and E' precursor compounds are deleted from the protection 
sought, because appellant is claiming less than the fiall scope of his disclosure. But, as we 
said in In re Wertheim, 541 F.2d 257, 263, 191 USPQ 90, 97 (CCPA 1976): 

Inventions are constantly made which turn out not to be patentable, and applicants 
frequently discover during the course of prosecution that only a part of what they 
invented and originally claimed is patentable. 

Page 1 96 
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[9]It is for the inventor to decide what bounds of protection he will seek. In re 
Saunders, 58 CCPA 1316, 1327, 444 F.2d 599, 607, 170 USPQ 213, 220 (1971). To deny 
appellants the benefit of their grandparent application in this case would, as this court 
said in Saunders: 

* * * let form triumph over substance, substantially eliminating the right of an 
applicant to retreat to an otherwise patentable species merely because he 
erroneously thought he was first with the genus when he filed. 
The board cited as "controlling" the decisions of this court in In re Welstead, 59 
CCPA 1 105, 463 F.2d 1110, 174 USPQ 449 (1972); In re Lukach, 58 CCPA 1233, 442 
F.2d 967, 169 USPQ 795 (1971); and In re Smith, 59 CCPA 1025, 458 F,2d 1389, 173 
USPQ 679 (1972). Those decisions, because of important factual distinctions, are not 
controlling. 

In Welstead the applicant was attempting to introduce into his claims a new subgenus 
where "* * * the specification * * * contained neither a description * * * of the 
[subgenus] * * * nor descriptions of the species thereof amounting in the aggregate to the 
same thing * * * Welstead conceded the absence from his disclosure of compounds of 
the "second type" within the new subgenus. Welstead is thus clearly distinguishable from 
the present case, in which appellants' grandparent appUcation contains a broad and 
complete generic disclosure, coupled with extensive examples fully supportive of the 
limited genus now claimed. Indeed, Welstead might have well been cited by the board in 
support of a decision contrary to that reached, in view of what this court there implied 
concerning the possibility that "descriptions of species amounting in the aggregate to the 
same thing" may satisfy the description requirements of 35 USC 1 12, paragraph one. 

Similarly, in Lukach we noted that "* * * the grandparent application here does not 
disclose any defined genus of which the presently claimed copolymers are a subgenus." 
That is not the fact here. Appellants' grandparent application clearly describes the genus 
and the two special classes of polymer materials excluded therefrom. 

In Smith the applicant sought the benefit of his prior application for a broadened 
generic claim, replacing the claim limitation "at least 12 carbon atoms * * *" with a new 
limitation calling specifically for 8 to 36 carbon atoms, where there was no disclosure of 
either the range itself or of a sufficient number of species to establish entitlement to the 
claimed range. Appellants, in contrast to the applicant in Smith, are narrowing their 
claims, and the full scope of the limited genus now claimed is supported in appellants' 
earlier application, generically and by specific examples. 

[10]The notion that one who fully discloses, and teaches those skilled in the art how 
to make and use, a genus and numerous species therewithin, has somehow failed to 
disclose, and teach those skilled in the art how to make and use, that genus minus two of 
those species, and has thus failed to satisfy the requirements of §1 12, first paragraph, 
appears to result from a hypertechnical application of legalistic prose relating to that 
provision of the statute. All that happened here is that appellants narrowed their claims to 
avoid having them read on a lost interference count. 

[1 l]The board indicated that "it is manifestly immaterial" why appellants limited their 
claims. Though it is true that insufficiency under §112 could not be cured by citing the 
causes for such insufficiency, it is not true that the factual context out of which the 
question under §112 arises is immaterial. Quite the contrary. Here, as we hold on the 
facts of this case, the "written description" in the 1963 specification supported the claims 
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in the absence of the hmitation, and that specification, having described the whole, 
necessarily described the part remaining. The facts of the prosecution are properly 
presented and relied on, under these circumstances, to indicate that appellants are merely 
excising the invention of another, to which they are not entitled, and are not creating an 
"artificial subgenus" or claiming "new matter." 

In summary, and for the reasons discussed, the rejections of claims 64 and 68-72 
under §112, first and second paragraphs, are reversed; appellants* 1963 disclosure 
satisfied §112, first paragraph, with respect to claims 1-9, 64, and 68-70 and appellants 
are, therefore, entitled to the benefit of their 1963 filing date under 35 USC 120. The 
Netherlands patent is thus rendered unavailable as a prior art reference, and the rejection 
of the claims under 35 USC 102 or 103 is reversed. 

Footnotes 

Footnote 1 . Claims 10-54 and 65-67 stand allowed. A petition for reconsideration was 
denied by the board. 

Footnote 2. The - O - linkages in the general formula are called ether linkages. 
Footnote 3. A dihydric phenol is a type of aromatic organic compound in which two 
hydroxy (-0H) groups are attached directly to a benzene ring. 

Footnote 4. An electron withdrawing group is a substituent which withdraws electrons 
from the aromatic ring to which it is attached. 

Footnote 5. An aromatic ring bearing substituents on adjacent carbon atoms is called 
ortho substituted. 

Footnote 6. An aromatic ring bearing substituents on opposite carbon atoms is called 
para substituted. 

Footnote 7. Appellants' brief specifically refers to one of the publications cited (Chem. 
Rev., 53, 222 [1953]) and states that its author (Jaffe) defines the sigma al value as a 
"special substituent constant" for the "Hammett equation" which is an empirically derived 
formula intended to show a general quantitative relation between the nature of a given 
substituent and the reactivity of a side chain. Thus, sigma a2values are based on 
experimental data and they measure the "activation energy" of a given substituent 
(electron withdrawing group). 

Footnote 8. The -SO 2' linking group in species [1] is called a sulfone group. 

Footnote 9. The -CO- linking group in species [2] is called a carbonyl group. 
Footnote 10. Interference No. 95,807, declared February 17, 1967. 
Footnote 11. Another party did appeal. See Vogel v. Jones, 486 F.2d 1068, 179 USPQ 
425 (CCPA 1973). 

Footnote 12. The provisos actually exclude more than species [1] and [2]. For example, 
polymers similar to species [1] and [2] but having substituted ring structures are also 
excluded. 

Footnote 13. §120. Benefit of earlier filing date in the United States. 

An application for patent for an invention disclosed in the manner provided by the 
first paragraph of section 112 of this title in an application previously filed in the United 
States by the same inventor shall have the same effect, as to such invention, as though 
filed on the date of the prior appHcation, if filed before the patenting or abandonment of 
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or termination of proceedings on the first application or on an application similarly 
entitled to the benefit of the filing date of the first application and if it contains or is 
amended to contain a specific reference to the earUer filed application. [Emphasis added.] 
Footnote 14. 

§112. Specification. 

The specification shall contain a written description of the invention, and of the 
manner and process of making and using it, in such full, clear, concise, and exact terms 
as to enable any person skilled in the art to which it pertains, or with which it is most 
nearly connected, to make and use the same, and shall set forth the best mode 
contemplated by the inventor of carrying out his invention. [Emphasis added.] 
Footnote 15. 

§112. Specification. 

* * * 

The specification shall conclude with one or more claims particularly 
pointing out and distinctly claiming the subject matter which the applicant regards 
as his invention. 
Footnote 16. 

Claims 68-70 are product-by-process claims. 
Footnote 17. We do not speculate on whether or not the claim would be unduly broad if 
the questioned limitation were removed. But undue breadth is not indefiniteness. In re 
Borkowski, 57 CCPA 946, 422 F.2d 904, 164 USPQ 642 (1970). This claim is definite 
either with or without the phrase "to activate a halogen atom." 

Footnote 18. In re Merat, 519 F.2d 1390, 186 USPQ 471 (CCPA 1975), cited by the 
SoUcitor, affirmed a §1 12, second paragraph, rejection because the same word ("normal") 
was used in the claims in one sense and in the specification in a different sense, thus 
rendering the claims indefinite. There is nothing akin to the Merat situation here. 
Footnote 19. Appellants have not argued the claims separately, thus, claims 2-9, 64, and 
68-70 stand or fall with claim 1. 

Footnote 20. Appellants refer to the subject matter recited in claim 1 as a "limited 
genus." The board called it an "artificial subgenus." We use appellants' terminology. 
Whatever the label, the issue is the same. 

Dissenting Opinion Text 

Dissent By: 

Lane, Judge, dissenting in part, 

I would affirm the rejection of claims 64 and 68-72 under §112, paragraphs 1 and 2, 
because the specification indicates that a 

Page 197 

minimum sigma value of +0.7 is an essential requisite. These claims fail to recite this 
requisite, thus fail to define appellants' invention and are broader than the disclosure. I 
concur in reversing the rejection of claims 1-9. 
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Hiqhiv attenuated modified vaccinia virus Ankara replicates in 
baby hamster kidney cells, a potential host for virus 
propagation, but not in various human transformed and 
primary cells ^ 
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Although desirable for safety reasons, the host 
range restrictions of modified vaccinia virus Ankara 
(MVA) maite it less applicable for general use. 
Propagation in primary chicken embryo fibroblasts 
(CEF) requires particular cell culture experience 
and has no pre-established record of tissue culture 
reproducibility. We investigated a variety of estab- 
lished cell lines for productive virus growth and 
recombinant gene expression. Baby hamster kidney 
cells (BHK), a well-characterized, easily maintained 
cell line, supported MVA growth and as proficient 
expression of the £. co/i /acZ reporter gene as the 
highly efficient CEF, whereas other cell lines were 
non-permissive or allowed only very limited MVA 
replication. Importantly, no virus production occur- 
red in patient-derived infected primary human cells. 
These results emphasize the safety and now im- 
proved accessibility of MVA for the development of 
expression vectors and live recombinant vaccines. 



The successful worldwide eradication of smallpox via 
vaccination with live vaccinia vims stimulated research into 
development of the latter as a highly versatile eukaryotic 
transient expression vector. Its possible use as a recombmant 
vaccine for protective immunization against infectious diseases 
or cancer is particularly attractive (Mackett el al. 1982; Panicah 
& Paoletti, 1982; for review see Moss, 1996). However, 
infection with conventional vaccinia virus poses a health risk to 
both researchers and future patients, particularly immuno- 
compromised individuals. Several attenuated vaccinia virus 
strains were developed during the smallpox era to reduce 
possible side effects associated with using live vaccmia virus 
vaccines (Fenner el al, 1988). In particular, the host range- 
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restricted modified vaccinia virus Ankara (MVA) proved to be 
extremely attenuated when compared to wild-type vaccinia 
virus strains (Mayr el al. 1975, 1978; Werner el al, 1980). In 
clinical trials, MVA was administered without significant side- 
effects to about 150000 individuals, including many con- 
sidered at risk for the conventional smallpox vaccination (Stickl 
d al. 197 Mahnel & Mayr, 1994). MVA was originally 
derived from the vaccinia strain Ankara by over 570 serial 
passages in primary chicken embryo fibroblasts (CEF) severely 
compromising its capacity to replicate in mammalian cells 
(Mayr el al, 1975). Further studies revealed that six major 
deletions had occurred in the DNA of the attenuated virus 
compared to the parental genome (Meyer el al, 1991). Virus 
replication is blocked late in morphogenesis in non-permissive 
cells but importantly, viral and recombinant protein synthesis 
is unimpaired at early and late times after infection (Sutter & 
Moss, 1992). Hence, replication-deficient recombinant MVA 
was established as an exceptionally safe viral vector (Sutter & 
Moss 1995; Moss-ef al, 1996) and can be used in Genntiany 
and the USA under biosafety level 1 conditions (Stellungnahme 
der Zentralen Kommission fiir Biologische Sicherheit, AZ 
6790-10-14, Berlin, FRG, 5/1997; Moss," 1996). MVA recom- 
binants expressing bacteriophage T7 RNA polymerase genes 
have been constructed (Wyatt el al. 1995; Sutter el al. 1995) 
and used successfully as expression systems for reverse 
genetics of RNA viruses (Collins el al, 1995; Schneider el al 
1997- Baron.- & Barrett, 1997). When tested in animal model 
systems recombinant MVA have been shown to be avirulent, 
yet proteffiv^ vaccines for immunization against viral diseases 
and cancerlSutter el al, 1994; Hirsch el al. 1996; Wyatt el al. 
1996- CarfdlFef al. 1997). Despite, or rather because of the 
advant^fes conferred by the severe host range restriction of 
MVA, its propagaKon is not trivial, being restricted to primary 
CEF cells. The establishment and maintenance of CEF cultures 
requires experience in preparing primary tissue culture and 
depends on egg material from chicken kept under special 
"pathogen-free conditions. In addition, CEF cultures survive 
only a few passages and weekly de novo preparations are 
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Table 1. MVA one-step growth in established cell lines 

Cells infected with 10 lU per cell MVA-LZ were harvested after the 
adsorption period (0 h) or 24 h after infection. Virus titres (Tq, Tg^) 
were determined by backtitration on CEF. Virus multiplication is 
demonstrated by the ratios of the average virus titres determined after 
24 h over the titres at the beginning of infection {T^JT^) in two 
independent titrations from a single one-step growth experiment. In 
two additional one-step growth experiments T^JT^ values of 136 and 
250 for CEF, 42 and 56 for BHK, and 4 and 7 for CV-1 were 
calculated. 



Cell origin 


Name 


T24/T0 


Animal 






Chicken embryo 


CEF 


316 


Baby hamster kidney 


BHK 


66 


Monkey kidney 


CV-1 


32 


Monkey transformed B-cell 


MIB 


< 1 


Human 






Cervix carcinoma 


HeLa 


5 


Melanoma 


SK 29 MEL 1 


< I 


Transformed kidney 


293 


4 


Embryonic lung 


LC5 


< 1 


Astrocytoma 


65 HG 66 


< I 


Glioblastoma 


U 138 


< 1 


T-cell lymphoma 


C 8166 


< 1 


T-cell lymphoma 


HUT 78 


< I 


Transformed B-cell 


SY 9287 


< 1 



required. Therefore, a cell line that is easily and stably 
maintained would not only be very useful for experimental 
propagation of MVA vectors, but also represent a desirable 
tool for making recombinant MVA vaccines, where ease, low 
costs, reproducibility and a pre-established safety record of 
production are essential. 

In this study, immortalized and primary human and animal 
cell lines (Table 1) were investigated for productive growth of 
a recombinant MVA which encodes the £. coli lacZ reporter 
gene under the control of the vaccinia virus lale promoter PlI 
(MVA-LZ; Sutter & Moss, 1992). In addition, a vaccinia strain 
Copenhagen recombinant virus encoding theZ coli lacZ gene 
under the control, of- the early/late promoter P7.5 (W-LZ; 
courtesy of Robert DriUien, University of Strasbourg, France) 
was used. MVA-LZ or W-LZ were routinely propagated and 
titred by endpcnnt dilution in CEF or MA104 cells, re- 
spectively, to;4objtain the TCID^o. The animal cell cultures 
investigated were: primary chicken embryo fibroblasts (CEF); 
baby hamster- "laaney (BHK; gift from Lothar Schneider, 
Bundesforschungsanstalt fur Viruskrankheiten der Tiere, 
Tubingen, Genmany); the monkey kidney cell lines MA104 
(Rhone Merieux,-Lyon, France) and CV-1 (ATCC CCL 70); and 
a herpes papiovirus-transformed monkey lymphoblastoid B- 
cell line, MIB. The human cell lines were: T-cell lymphoma 
C8166 (Medical Research Council, AIDS Reagent Project, 
Repository Reference ADP013) and HUT78 (Medical Research 



Council, AIDS Reagent Project, Repository Reference 
ADP002); glioblastoma U138MG (Medical Research Council, 
AIDS Reagent Project, Repository Reference ADP028) and 
astrocytoma B5HG-66 (Brack-Werner et al, 1992); embryonal 
lung fibroblasts LC5 (Medical Research Council, AIDS Reagent 
Project, Repository Reference ADP026; Mellert et al, 1990); 
cervix carcinoma HeLa (ATCC CCL 2); Epstein-Barr virus- 
transformed lymphoblastoid B-cell line SY9287 (a gift from 
Robert DriUien, University of Strasbourg, France); and mela- 
noma SK29MEL1 (a gift from Thomas Wolfel, University of 
Mainz, Germany). Primary human cells were: fibroblasts (HF) 
obtained from fresh skin biopsy material; peripheral blood 
mononuclear cells (PBMC) isolated by Ficoll gradient purifi- 
cation; monocytes (MO) or dendritic cells (DC) separated by 
anti-CDl4 cell rosetting followed by Percoll gradient purifi- 
cation or magnetic sorting (MACS), respecHvely. All cell 
cultures were grown in RPMI 1640 supplemented with 10% 
foetal calf serum (FCS) in a humidified air-5 % CO2 atmosphere. 
The DC culture medium additionally contained IL4 (400 U /ml) 
and GM-CSF (50 ng/ml). 

To determine low-multiplicity growth profiles, virus mul- 
tiplication was monitored after infecting cell monolayers and 
suspension cultures with 0*05 infectious units (lU) MVA-LZ 
per cell, as described previously (Meyer et al, 1991). Ad- 
ditionally, one-step growth of MVA-LZ was analysed infecting 
cells at an m.o.i. of 10 lU. For all infecrion experiments either 
10^ cells in suspension or confluent monolayers from one well 
of six-well tissue culture plates were used per time point. After 
virus adsorption for 45 min at 37 °C for low-multiplicity 
growth or 30 min at 4 °C for the one-step growth experiments, 
the inoculum was removed. The infected cells were washed 
three times with RPMI 1640 and incubated with fresh RPMI 
1640 medium containing 10% FCS at 37 °C in a 5% CO^ 
atmosphere. At multiple time-points post-infection (p.i.) in- 
fected cells were harvested and virus was released by 
fi-eeze-thawing and brief sonication. Serial dilutions of the 
resulting lysates were plated on confluent CEF monolayers 
grown in 96- well plates as replicates of eight. For histochemical 
staining of ^-galactosidase-producing cells, medium was re- 
moved 48 h p.i., and then cells were washed twice with PBS 
and briefly fixed in 0*2% glutaraldehyde-2 % forinaldehyde. 
After washing, cells were incubated in a staining solution 
containing 0*6 mg/ml chromogenic substrate 5-bromo-4^ 

chloro-3-indolyI^-galactopyranoside(X-Gal,BoehringerManr&:7^^ 
heim), 5 mM ferrocyanide and 5 mM ferricyanide and 2 mM 
MgClg in PBS at 37 °C for 2 h. Microscopic analysi|i^ 
monitoring for wells containing blue stained cells allowed tht^"^^ 
determination of virus titres as TCID^jj/ml. "'^ - 

Previous work demonstrated that a variety of mammalian 
cells lines (of human, bovine, equine, canine or rodent origin) 
are non-permissive for MVA replication. Only the African 
green monkey kidney cell line MA104 supported MVA 
growth under low-multiplicity growth conditions (Meyer et 
aL 1991). In one-step growth experiments performed for this 




Fig. 1 . MVA growth and recombinant gene expression in BHK cells. One-step growth curves were established after Infection of 
BHK, MA104 or CEF cells with 10 lU per cell MVA-I_Z (a). Low-multiplicity growth of MVA was analysed after Infection of BHK 
cells or CEF with 0-05 lU per cell MVA-LZ {b). Cell cultures were harvested at the indicated time-points after infection. Virus 
titres were determined by titration on CEF. Synthesis of recombinant ^-galactosidase in BHK cells and CEF was compared (c). 
Cells were infected with 1 0 lU per cell MVA-LZ and harvested at multiple time-points after infection. Cytoplasmic extracts were 
prepared and specific ^-galactosidase activities (relative light units/ng total protein) were determined. 



study, MVA could also be propagated in the kidney cell lines 
CV-1 and BHK from monkey and hamster, respectively. While 
CV-1 and MA104 cells produced at best about one-tenth the 
amount of virus compared to CEF cells, BHK were far more 
permissive (Table 1). That BHK cells produced significant virus 
titres was worth further investigation. Very similar virus 
replication profiles were observed with multiple time-point 
one-step growth kinetics in BHK and CEF cells (Fig. 1 a). Even 
• ^ the timing of the post-adsorption lag phase is identical in both 
■r.'-:"<:ell- lines, whereas productive infection of MVA in MA104 - 
:{; r:-;^ells leads to rather delayed and reduced increase of virus titres. 
' "* ' -Experiments using low multiplicities of infection also revealed 
similar kinetics of M\^A replication in BHK and CEF cells, 

- - particularly within the first 12 h (Fig. lb). These data suggest 
• . Aat assembly of mature virions is not significantly different or 

- - ^^^^delayed in BHK cells compared to CEF cells. Interestingly, low- 
^ . " •^ - dose MVA ir\fection of BHK cell monolayers resulted in 
^4v. formation of typical foci of infected cells which remained 

attached to the tissue culture plates (data not shown). 
. :Expression of the recombinant gene lacZ under the control of 
jr .: " the vaccinia virus late promoter Pll was also monitored, 
.if?f;r:;v. including detailed kinetics of ^-galactosidase production in 
r- : BHK and CEF cells infected with 10 lU per cell of MVA-LZ. 
V ■ After incubation of infected cultures for various times (0, 4, 6, 
■~ 8, 12 and 24 h), the specific enzyme activity in the prepared 
' ' cytoplasmic extracts was determined (Miller, 1972) and proved 
to be almost identical in both BHK and CEF (Fig. 1 c). These 
data support the use of BHK cell monolayers for isolation of 
recombinant MVA expressing the lacZ marker gene. 



Of particular interest for in vivo applications of live MVA 
vaccines in humans is its replication profile and recombinant 
gene expression in potential target cells. Although shown to 
be replication-deficient in multiple transformed cell lines of 
human origin (Table 1) investigation of MVA virus production 
in primary human cells would provide another stringent test 
for its clinical safety. Primary cells with particular capacities in 
antigen-presentation such as DC or blood monocytes could 
represent important target cells for clinical trials using ex vivo 
infection of patient cells for immune therapy,^: After in vitro 
infection, these cells would produce and-present the desired 
antigens and either be retransferred to the patient to stimulate 
antigen-specific immune responses or used for injvitro induction 
or amplification of T-cells which can than be adoptively 
transferred (Boon et al, 1995; Rosenberg, 199^; Girolomoni & 
Ricciardi-Castagnoli, 1997). The approval"'©/ such clinical 
protocols might be significantly accelerated if any productive 
replication of the vector virus in targ^i^ceUs can be excluded. 
Blood-derived cells or primary skin <}fi^rptblasts representing 
ideal target cells for such clinical fipRlk^were used in our 
experiments. Although abortive infe^oTn^'pf primary human 
macrophages or DC has been dembrTstrated even with 
replication-competent vaccinia vinS strains (Broder et al, 
1994; Bronte et al, 1997), PBMC and HF are reasonably 
permissive for vaccinia virus multiplication. In contrast, by 
analysing virus multiplication under one-step growth con- 
ditions we could demonstrate the inability of MVA to replicate 
in all primary human cells tested (Fig.-2fl). In addition to the 
detailed kinetics of virus growth, histochemical ^-galacto- 
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(a) 

-»-OEF * MVA-LZ 
-^HF * MVA-LZ 
-•-HF . VV-L2 
-A- C/C * MVA-L2 
+ MVA-L2 
-B- PBMC * MVA-L2 



Fig. 2. MVA multiplication in prinnary human cells. One-step virus growth 
curves are shown for CEF cells and for primary human cells (HF, DC, MO 
and PBMC) (a). Virus growth was analysed after infection of cells with 
10 lU per cell MVA-LZ or W-LZ. Virus titres in cells harvested at 0, 4. 8 
and 24 h after infection were determined by back-titration on CEF. (b, c) 
Mfcrograpns of HF monolayers infected with a low m.o.i. of MVA-LZ (b) 
and W-LZ (c). At 48 h p.i., the cells were fixed and stained 
histocherrically with X-Gaf. Three single cells infected with MVA-LZ are 
marked by arrows. One single virus plaque formed by W-LZ is shown. 
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sidase-specific staining of HF monolayers infected at low- 
multiplicity confirmed that MVA infection was non-permissive 
for productive replication but allowed efficient expression of 
recombinant genes regulated by the vaccinia virus late 
promoter Pll (Fig. 2 b), In contrast, W-LZ replicated well in 
HF forming large lytic plaques in the cell monolayer (Fig. 2 c). 

In summary, the screening for virus production in various 
human and animal cells recommends BHK cells as an accessible 
alternative to primary CEF cells for routine MVA virus 
propagation and manipulation, BHK cell lines are routinely 
used in many laboratories, and even licensed in some cases for 
vaccine production. Although high virus titres were obtained 
from the BHK cell line, there was no evidence of significant 
MVA virus production in various other human or animal cell 
lines chosen for this investigation. Another important finding 
was the complete inability of MVA to productively replicate in 
all primary human cells tested. Together with the existing 
evidence that MVA is a very safe live vaccine in humans, these 
results make the handling and testing of recombinant MVA 
virus much more accessible to a variety of experimental and 
clinical research projects aimed at developing prophylactic 
vaccination and therapeutic treatment of infectious diseases 
and cancer. 

The authors thank Robert Driliien, Bernard Moss, Thomas Wolfel and 
the Medical Research Council AIDS Reagent Project for gifts of 
recombinant virus and various cell lines. The work was supported by EU 
BIOTECH PL960473. 
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Development of a replication-deficient 
recombinant vaccinia virus vaccine 
effective against parainfluenza virus 3 
infection in an animal model 

Linda S. Wyatt*, Scott T. Shorsf, Brian R. Murphyf and Bernard Moss*J 

The highly attenuated, replicaiion-de/ident, modified vaccinia virus Ankara ( MVA) was 
used to express the fusion (F) andl or hemagglutinin-neuraminidase (UN) glycoproteins 
of parainfluenza virus 3 (PIV3)- Initial recombinant viruses in which the HN gene was 
regulated by a very strong synthetic early/late promoter replicated poorly in permissive 
chick embryo cells evidently due to toxic levels of the gene product. This result led us to 
construct and evaluate a modified earlytlate promoter derived from the H5 gene of 
vaccinia virus. Reporter gene experiments indicated that the enhanced H5 promoter was 
about five times stronger than the 7,5 promoter used in previous recombinant vaccinial 
PIV3 viruses. Although the overall expression from the modified H5 promoter was less 
than that of the^ strong synthetic promoter, early expression, determined in the presence of 
an inhibitor of DNA replication, was higher. Importantly, recombinant MVA employing 
the modified H5 promoter to regulate the F or HN gene of PIV3 replicated to high titers 
in chick cells and expressed functional F or HN proteins as measured by syncytial 
formation upon dual infection of mammalian cells. Cotton rats inoculated with recom- 
binant MVA expressing F or HN by intramuscular or intranasal routes produced high 
levels of antibody. The virus expressing HN, however, was the more effective of the two in 
inducing immunity to PIV3 challenge, reducing PIV3 viral titers in the nasal turbinates by 
at least 4. 7 logs and in the lungs by 3.4 logs, similar to that achieved by immunization with 
PIV3. These studies support further testing of recombinant MVAIPIV3 viruses as safe 
and effective candidate vaccines. Copyright © 1996 Elsevier Science Ltd. 

Keywords: Parainfluenza virus: vaccinia virus; MVA strain 



A safe and effeclive vaccine for disease caused by 
parainfluenza viruses (PIV), the second most important 
viral pathogen of the lower respiratory tract in young 
children, has long been sought. Inactivated para- 
influenza virus 3 (PIV3) vaccines have been unsuccess- 
ful', but live attenuated PIV3 vaccine candidates, both 
bovine and human, are currently under study'^. Less 
traditional PIV vaccines such as recombinant vaccinia 
viruses (VV) have also been considered. Intradermal 
(i.d.) inoculations of VV, strain WR, expressing the 
fusion (F) and hemagglutinin-neuraminidase (HN) 
genes of PIV3 induced protective immunity in cotton 
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rats-* and patas monkeys**. Nevertheless, safety concerns, 
including the potential ability of VV to spread in an 
immunocompromised individual, discouraged further 
testing of the vaccine. 

There was concern with the safety of VV towards the 
end of the smallpox era, and several highly attenuated 
vaccines were deveIoped\ One of these, modified VV 
Ankara (MVA), was derived by over 500 passages 
in chick embryo cells resulting in multiple genomic 
deletions and an inability to replicate in mammalian 
cells^*^. MVA is nonpathogenic in experimental animals 
and was administered without untoward incidence to 
120000 humans, many of whom were considered poor 
risks for the standard vaccine'***. The greatly impaired 
ability to replicate in mammalian cells was shown to 
result from a block in virion morphogenesis and im- 
portantly had no apparent effect on viral or recombinant 
gene expression*^ '" Indeed, immunization of mice with a 
recombinant MVA that expressed the influenza virus 
hemagglutinin and nucleoprotein genes protected them 
against lethal doses of influenza virus as well as did 
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recombinants constructed from sUindard New York 
City Board of Health vaccine strain VV'". 

We now describe the construction and characteriza- 
tion of recombinant MVA viruses that express PIV3 F 
and HN genes and their successful use for intramuscular 
(i.m.) or intranasal (i.n.) immuni7alion of cotton rats 
against a respiratory PIV3 challenge. 



MATERIALS AND METHODS 

Viruses and cells 

Slocks of VV strain WR were propagated in BS-C-1 
and HeLa cells as described". MVA and MVA recom- 
binant stocks were prepared in secondary chicken 
embryo fibroblasts (CEF) in minimal essential medium 
supplemented with IVu fetal bovine serum'". riV3 strain 
47885 was propagated in HEp-2 cells. 



Piasmid constructions 

The F and HN genes of PIV3 were excised from 
the plasmids pTZI8R and pGEM3Zf+ by BamHI 
digestion \ The ends of the F gene were blunted by 
incubation with Klenow enzyme and dcoxynucJeoside 
triphosphates and cloned into the SnaBI site in pJS-5 
which contains two strong synthetic VV car!y/late pro- 
moters (Chakrabarli a al.. manuscript in preparation). 
A piasmid insertion vector with both F and HN genes 
was made by inserting the BamHI digested HN gene 
into the BamHI site "in pJS-5 (pLW-l). The double 
promoter cassette containing the F and HN genes was 
transferred to G06, a piasmid containing MVA flanks 
for insertion into del Ul of MVA'", and the resulting 
piasmid was designated pLW-2, 

A piasmid insertion vector with a single synthetic 
promoter {pLW-7) was mjide by Smal and Hindi II 
digestion of G06, blunting with Klenow enzyme^ and 
inserting (his single synthetic promoter fragment into the 
Smal site of G02. This G02 piasmid is similar to pill, 
with MVA flanks for insertion into del III, but also 
contains the Escherichia coli guanine phosphoribosyl 
transferase (gpl) gene outside the flanks of (he MVA 
DNA under the control of the 7.5 promoter'^ The 
blunt-ended BamHI digested 1^ and HN genes were put 
into the Pmel site of pLW-7 to make a PIV F construct 
(pLW-10) and a PlV HN construct (pLW-lI) each 
controlled by a single synthetic promoter. 

A modified H5 promoter (from the H5 gene of VV 
WR) was engineered by annealing overlapping oligonu- 
cleotides. Two alterations in base-pair sequence from the 
natural promoter were purposely made as shown in 
Fi^^ure /B. T was substituted for A in position - 102 and 
A was substituted for T at position -38 for reasons 
indicated later. The modilied H5 promoter was cloned 
into vector G02 (described above), and the resuhing 
piasmid was designated pLW-9. The BamHI digested F 
and HN genes were cloned singly into pLW-9 to 
produce pLW-i2 and pLW-13, respectively. 

We made two plasmids in which the E, coli lac Z gene 
is controlled by the modified H5 promoter (pLW-I9) or 
the 7.5 promoter (pLW-20). For pLW-19, pLW-9 was 
digested with Psil and Hindi, and the H5 promoter 
fragment was blunted with Klenow enzyme, and 
ligaled into pSC65 (Chakrabarti er al., manuscript in 
preparation) from which the strong synthetic and 7.5 



promoters had been removed by Sail and Xhol diges- 
tion. For pLW-2(). the strong synthetic promoter was 
removed from pSC65 by excision with Hindi 1 1 and 
Smal, and the piasmid was blunted, and religated, 
leaving the P^ <; controlling the lac Z gene. 



Generation of recombinant viruses 

Recombinant VV, strain WR, or MVA viruses were 
made by infcxlion of BS-C-I or CEF six well (35 mm) 
plates, respectively, with a multiplicity of infection of 
0.05 p.f.u. cell *. The infected cells were transfected 90 
min later with 10 //g of piasmid DNA per well using 
Lipofectin (Gibco, BRL) as recommended by the manu- 
facturer. After 48 h of infection, the cells were harvested 
as described". Recombinant VV strain WR which 
expressed the PIV F and HN (vLW-I) was obtained by 
repeated picking of syncytial plaques in BS-C-1 cells. 
Recombinant VV strain WR viruses which expressed 
//-galactosidase controlled by either the H5 or 7.5 
promoter (vLW-19 and vLW-20. respectively) were 
obtained by repeated picking of blue-staining 
//-galactosidase-producing plaques". MVA recom- 
binants (vLW-2, vLW-IO, vLW-ll, vLW-12, and vLW- 
13) which expressed PIV F and/or HN were delected by 
immunostaining of virus plaques (foci of morphologi- 
cally altered cells, instead of clear plaques as with the 
WR strain) utilizing polyclonal anti-PlV3 rabbit 
serum (Accurate Scientific) followed by anti-rabbit Ig 
conjugated to peroxidase (Amersham, Arlington 
Heights, IL)and 0-dianisidine (Sigma, St Louis, MO) as 
substrate. vLW-12 and vLW-13 were subsequently 
renamed MVA/PIV,.- and MVA/PIV,,^ and used in the 
animal experiments. 



Radioimmunoprectpi'tation of virus-infected cell lysates 

Secondary CEF cells in 25 cnr flasks were infected 
with a multiplicity of 10 infectious units ml" ' of recom- 
binant VV. At 2 h post-infection, the virus inoculum was 
replaced with methioninc-free minimal essential medium 
containing 5"/^ dialy/cd fetal calf serum and 50 jtiCi of 
[^''Slmethionine per ml and incubated for 14 h. Cells 
were lyscd in buffer containing 0.15 M NaCI, 0.01 M 
Tris HCl (pH 7.4), 1% sodium deoxycholate. 1% Triton 
X-100. and incubated overnight with anii-PIV poly- 
clonal rabbit serum (Accurate Scientific), followed by 
20'J^. protein A-Sepharosc suspension. Immune com- 
plexes were w^ashed in the above buffer, proteins from 
the reaction were rcsuspended in Laemmli butTer, 
and resolved by electrophoresis in a \0"A* SDS- 
polyacrylamide gel. 



Animal immunization and challenge 

Groups of six young adult cotton rats iSi^nwdon 
hispidus) were immunized i.m. or i.n. with 10^ infectious 
units of wild type MVA or MVA recombinant, or i.n. 
with 10'^ PFU of PIV3 in a O.l ml amount. At 28 days 
after immunization, the animals were bled and then 
boosted with the same dose of MVA or MVA recom- 
binant. PIV immunized animals were not boosted. The 
animals were bled 50 days after the initial immunization 
and next challenged with 10*^ p.f.u. of PIV3 i n. on day 
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A VaccInla/PIV Constructs 



™ PIVF PIVHN "TK 

dP»yn 



Titer 
(Infectious Units/mt) 

vLW-1 7x10^ 



2) MVA vLW-2 2x102 



3) MV^ 



dellll PIVF 



P«yn 



del 111 



vLW-10 6x1 0^ 



4) MV 



del III P>VHN 



Psyn 



del III 



vLW-11 6x1 OO 



5} MVA^ 



del til F 



PH5 



del III 



vLW-12 2x104 



6) MV, 



del III ^1^"^ del III 



vLW-13 5x1 03 



B Modified H5 Promoter 



Early 



-102 

AAAAAATGAAAATAAATACAAAGGTTCTTGAGGGT 

\ 
T 

Late 
• -38 

TGTGTTAAATTGAAAGCGAGAAATAATCATAAATT 

\ 
A 



C Vaccinia/Lac Z Constructs 



1) WFL 



vLW-19 



2) WFL 



TK 



P7.5 



LacZ 



TK 



vLW-20 



Figure 1 Recombinant VV. (A) Representation of WR and MVA recombinant VV genomes containing PIV3 F and/or HN genes. Pronr>oter 
abbreviations: Psy^, single synthetic promoter; dPgy^, double synthetic promoters; Phj, modified H5 promoter. Arrowheads indicate the direction 
of transcription. Ranking sequences at insertion site: TK, thymidine kinase; del III, a 3500 bp deletion in the Hindlll A fragment of the r\/1VA 
genome. Virus titers as given are from an average of at least three individual plaques that had been plaque-purified four or five times in 
succession, Viois suspensions were made from individual plaques at 48 h after infection. Titers of suspensions were determined by 
immunostarning at 48 h post-infection. vLW-12 and vLW-13 were renamed MVA/PtVp and MVA/PIVhn and used in animal experiments. (B) 
Sequence ot the VV (strain WR) H5 promoter; arrows point to nucleotide substitutions made. Nucleotides are numbered from the A In the ATG 
start site of the H5 gene. The dots are over the early and late RNA start sites determined by Rosel et a/.'* (C) Representation of genomes of 
recombinant VV expressing lacZ reporter gene under control of a natural 7.5 or modified H5 promoter 
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63. Four days after challenge, the nasal turbinates and 
lungs of each cotton rat were removed and virus titer 
(TClD5,/g) was determined \ 



Immunological assays 

Hemagglutination-inhibition (Hi) and ELISA assays 
to measure PIV specific aniibodv responses were 
pcribnned as previously described'"*^'. 



RESULTS 

Construction of recombinant MVA expressing the PIV3 
HN and F genes 

Stable recombinant MVA expressing both the 
influenza virus HA and NP genes regulated by the 
strong synthetic early/late promoter (Psy„) and inserted 
into deletion region 111 had previously been made'*'. The 
analogous recombinant MVA expressing the PIV3 K 
and HN genes (vLW-2), {Fit^urc /A, 2) could only 
be amplified to relatively low titer in CE\- cells (10^ 
infectious units ml Tilers of I he WR recombinant 
expressing the two PIV3 genes regulated by P^^.„ inserted 
into the TK region (vLW-1) (/-Vi^/z/v 7 A, I) in BS-C-l 
cells were even lower than those of the above M VA/Pl V 
recombinant virus. Since related results were obtained 
with two dilTerent strains of VV, different insertion sites, 
and different host cells, we suspected that high expres- 
sion of one or both of the PIV3 genes inhibited VV 
replication. We therefore made a new MVA transfer 
vector, pLW-7, that contains a single P^^,, and used it to 
make recombinant MVA expressing either the PIV3 }■ 
(vLW-IO) or HN (vLW-Il) genes {Fi'mio'c /A. 3.4). 
Recombinant MVA expressing PIV3 F grew well but the 
yield of MVA expressing PIV 3 HN was very low. We 
noted that the amo,unt of infectious virus recovered 
within a single plaque or focus was predictive of the 
ability to subsequently prepare high titer virus stocks 
(I X 10*^ infectious units ml The average liter of virus 
suspension from a single plaque after four or five 
successive plaque isolations is given {Fi^^ure /A. I 6). 

Since a recombinant WR strain VV expressing the 
PIV3 HN under the relatively weak 7.5 promoter had 
previously been constructed\ we considered that ihe 
present problem was related to use of the very strong 
Psyrv decided to test other promoters in order to 
derive one that provided a level of expression inter medi- 
ate between Pv^ and P^,n- Rosel et ai.^'* had described 
the early/late promoter preceding the H5 (previously 
called H6) gene, and a version of this has been used by 
others'"* for recombinant VV gene expression. Based 
on previous studies'", we made an A-*T substitution 
to alter an upstream ATG codon without adversely 
affecting expression and a T-^A substitution to place a 
preferred purine downstream of the transcription 
initiation site {Fissure IB). This modified promoter will 
be referred to as P^.v 

In order to compare the activity of the modified H5 
promoter with other promoters, we constructed a WR 
strain recombinant VV with lacZ as a reporter gene 
controlled by P,i5, vLW-I9 {Fi^i(urc /C. 1). A similar 
recombinant VV with the reporter gene controlled by 
P7 5, vLW-20, was also made. In each case, two indepen- 
dent clones were plaque purified and amplified. We also 
tested previously made vSC8 and vSC56 viruses in which 



Table 1 Strength of VV promoters as measured by 6. coli facZ 
expression 







/f-gal synthesis 




Virus 


PrnmrttPr 

1 1 \ji 1 1 UICI 


+Ara-C 


— Ara-C 


vLW-20 (1) 




0.21 


0.52 


vLW-20 (2) 




0.20 


0.55 


vLW-19 (1) 




1.03 


3.05 


vLW-19 (2) 


Ph. (E/L) 


1.16 


2.14 




Pn (L) 


0 


3.86 


vSC56^ 




0.32 


8.24 



''BS-C-1 cells in 24-well plates were infected at a multiplicity of 
infection of 10 with virus containing the indicated natural, modified, 
or synthetic VV early/late (E/L) or late (L) promoter regulating 
/i-galactosidase expression in the presence or absence of 44 mg 
ml"^ of Ara-C. In the case of vLW-20 and vLW-19, two independently 
isolated recombinant vinjses designated (1) and (2) were tested. 
The cells were tysed at 24 h and total /f-galactosidase activity was 
measured spectrophotometrically^^. ^vSCS"*^. VSCSS (Chakrabarti 
et a/., manuscnpt in preparation) 



the iarZ gene is controlled by a .strong late (P, ,) pro- 
moter and the P^^„, respectively. Cells were infected in 
the presence of Ara-C, an inhibitor of DNA replication, 
to measure early promoter activity or in the absence of 
drug to measure ct^mhined early/late or Jate promoter 
activities. Representative data tVom such experiments 
are shown in Tah/c /. In the absence of drugs, the 
activities of the promoters were Psyn^ 11^11.^^7.?- 
presence of .Ara-C, the order was PnsPsynPv.sPn- Thus, 
Pj,5 i» strong early and a moderate late promoter. 

We decided to use the modified H5 promoter 10 make 
recombinant MVA expressing the PIV3 genes, since the 
level of expression should be less than that achieved with 
'\vtr A new transfer vector pLW-9 containing a single 
P,is w';is used la clone the F and HN genes and two 
separate recombinant viruses. vLW-12 (MVA/PIVj.) 
and vLW-13 (MVA/PIV„;^) wvtc isolated {Fi^^urc /A, 5 
iind 6). These viruses replicated well and high titer stocks 
were prepared {\if infectious units ml '). 

Synthesis and biological activity of recombinant proteins 
in mammalian cells 

CEK were infected with MVA/PIV,. or MVA/PIVhn 
and metabolically labeled w'ith |^^S]methionine. Infected 
cell I y sates were prepared, and the PIV proteins were 
immunoprecipitated with polyclonal PIV3 antiserum 
and then analyzed by SDS PAGE. Two major bands of 
about 60 and 51 kDa corresponding to the F„ precursor 
and F, glycoproteins were detected by autoradiography 
of MVa/pIV,. immunoprecipiiates {Figure 2). A 9000 
kDa F^ subunit was not resolved on this gel. A major 
HN polypeptide of iibout 70000 kDa was visualized 
{Figure 2). The elect ropho ret ic mobilities of the PIV 3 
proteins made by MVA recombinants were similar to 
those made by previous VV WR recombinants. MVA 
expressed larger amounts of recombinant protein than 
WR presumably due to the greater strength of the H5 
promoter compared to the 7.5 promoter. Similar F and 
HN protein bands were observed in mammalian BS-C-1 
and HeLa cells (data not shown). 

Synthesis of both the PIV 3 F and HN proteins is 
needed for syncytium formation'"* Thus, no syncytia 
were formed upon infection of BS-C-I cells with either 
MVA/PIV, or MVA/PIV,,^ {Figure .?B and C). The 
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level of serum antibodies induced by the individual 
glycoproteins was assessed. The animals exhibited no 
untoward effects due to the vaccine, and HI titers at 
28 days indicated good antibody responses to ihe 
MVA/PIV,,r^ inoculated via i.m. or i.n. routes [Tahle 2). 
The high ELISA tilers obtained with purified PIV3 
as the antigen confirmed these resuhs and also showed 
that MVA/PIV, was immunogenic by both routes 
{Tah/c 3). In addition, in each case except the i.n. 
inoculation of MVA/PIV,., the ELIS.A titer was higher 
after the boost. 




Protection against PIV3 infection 

Cotton rats were challenged with PIV3 at 63 days 
after initial immunization. After 4 days. PIV3 titers of 
nasal turbinates and lungs from killed animals were 
determined {Table 4). Protection afforded by MVA/ 
PIV, was observed in both i.m. and i.n. inoculated 
cotton rats; the PIV3 liters of nasiil turbinates and lungs 
were 100- to 1200-fold lower than with the MV.A 
controls. MVA/PIV„;s4 offered even greater protection 
(2500-63000 fold reduction in PIV3 titers) similar to 
that conferred by prior inoculation with PIV3. i.m. 
and i.n. inoculations were equally effective in inducing 
resistance to replication of challenge virus. 



21 




Figure 2 Expression of recombinant proteins. Infected cells were 
metabolically labeled with p^SJmethionine and tysates were immu- 
noprecipitated with PIV3 antiserum. Arrows denote the Fq precursor 
and the F, subunit of the PIV F protein and the HN protein of PIV3. 
Lane marked MW contains standard protein markers with noolecular 
weights x10~^ indicated on the side 

formation oC- syncytia upon dual infectiop provided 
evidence for the biological activities of both proteins 
(Figure 3D). 

Antibody responses of cotton rats to MVA/PIV 
recombinants 

Cotton rats were inoculated with 10" infectious units 
of each recombinant virus, boosted at I month, and the 



DISCUSSION 

A previous report"^ described the ability of recombinant 
VV expressing F and HN glycoproteins of PIV3 to 
induce resistance to replication of PIV3 in cotton rats. 
However, VV strain WR is not acceptable as a vector 
because of its passage history and even standard VV 
vaccine strains have potential to spread in immuno- 
compromised hosts'**'". For such reasons, we and others 
have explored the use of attenuated VV"-* or other 
poxviruses-^* as vectors. Wc have focused on the MVA 
strain because of its inability to replicate efficiently 
in mammajian cells and safety record for human 
vaccination' Remarkably, MVA retains the 

ability to express genes in mammalian cells at the same 
level as replication competent VV strains'^ '**, a feature 
not directly demonstrated for other host restricted 
poxviruses. 




Figure 3 Cell fusion following co-infection of BS-C-1 cells with recombinant MVA expressing F and HN proteins. Cells were infected at an MOI 
of 1 with (A) MVA (B) MVA/PlVp. (C) MVA/PIVhn- or (D) MVA/PIV^ and MVA'PIVhn together. At 24 h, the cells were fixed, stained with crystal 
violet, and photographed 
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Table 2 HI serum antibody Tesponse to immunization with MVA/ 
Piva recombinant or wild type PIV3 

HI titer" on indicated day:*" 



Immunizing virus 


0 


28 


50 


0 


28 


50 


MVA 


<2 


<2 


<2 


<2 


<2 


<2 


MVA/PIVp 


<2 


<2 


<2 


<2 


<2 


<2 


MVA/PIV„N 


<2 


9.2 


9.8 


<2 


7.3 


8.8 


MVA/PIVf+MVA/PIVhn 


<2 


8.4 


9.0 


<2 


7.2 


8.0 


PIV3 








<2 


8.5 


9.7 



■neciprocai serum mean IoQj antibody titer (Afc6 per group). ^'Cotton 
rats were boosted on day 28. PIV3 group was not l>oosted. 
"n.m. intramuscular route of virus administration, i.n.=intranasal 



Table 3 ELISA serum antibody response of cotton rats to 
immunization with MVA/P1V3 recombinant virus or wild type PIV3 





ELiSA titer^ 


on indicated day:*' 






im."^ 






i.n.^ 






Immunizing virus 


0 


28 


50 


0 


28 


50 


MVA 


7-6 


8.6 


8.6 


9.3 


9.0 


8.6 


MVA/PIVp 


7.3 


11.8 


133 


8.9 


13.7 


13.7 


MVA/PIVhn 


7.6 


13-3 


14.3 


8.8 


12.3 


14.3 


MVA/PlVp+f^VA/PIVnN 


8.9 


12.5 


14.5 


7.6 


13.3 


15.3 


PIV3 








8.3 


15.6 


13.3 



^Reciprocal serum mean logg antibody titer {N^S per group); purified 
PI\/3 virions were used as the solid phase antigen. 'Cotton rats were 
boosted on day 28. PIV3 group was not boosted. '-'Im.- 
intramuscular route of virus administration, i n. -intranasal 



In the present study, recombinant MVA CKpressing 
the F and HN glycoproteins of PIV3 were constructed. 
Unexpectedly, we were unable to prepare high liter 
stocks of recombinant MVA expressing the HN alone or 
together with the F regulaled by strong synthetic pro- 
moters even though similar constructs expressing influ- 
enza HA and NP and PIV3 F could be produced. Wc 
had similar problems in trying to make the analogous 
WR strain vaccinia virus using a ditterent site ol" 
integration, in this case, however, the use of a fusogcnic 
cell line (BS-C-i) may have contributed to the prob- 
lem. Since a recombinant VV expressing HN with the 
relaiivelv weak 7.5 promoter had been easily con- 
structed , we considered that overexprcssion of HN 
interferes with VV replication. Since MVA cannot 
spread, it seemed advantageous to use a stronger 



promoter than Py <,. We evaluated a promoter derived 
from the H5 (previously called H6) gene'** because it has 
early and late elements, was well characterized and 



was used for recombinant gene expression 



Based 



on the extensive promoter mutagenesis studies of 
Davison and Moss we made two nucleotide substitu- 
tions to remove a potential translation initiation codon 
and to enhance promoter strength. As anticipated, the 
overall expression obtained with the modified H5 pro- 
moter was intermediate between the P7 s and the P^^„. 
However, the early promoter element of P|,^ was three 
to fivefold stronger than either of the others. Because of 
the reported importance of early expression in the 
initiation of the cellular immune response"**""*, the modi- 
fied H5 promoter may prove advantageous for con- 
structing vaccine candidates. We therefore made transfer 
vectors containing the modified H5 protnoler wiiich 
should be of general use. Importantly, recombinant 
MVA expressing PIV HN or F under control of P|,s 
were stable and replicated to high titers in chick embryo 
cells. Moreover, these MVA recombinants produced 
more HN and F than previous replication-competent 
WR strain viruses expressing HN or F. The biological 
activity of each PIV3 protein was demonstrated by 
fusion of mammalian cells upon co-infection with 
MVA/PIVj. and MVA/PIV3„j^. 

Cotton rats were selected for study since PIV3 is able 
to replicate to moderately high titers in their lungs and 
nasal iurbinates\ MVA recombinants inoculated i.m. or 
i.n. elicited good antibody responses which could be 
boosted upon a second inoculation. Each recombinant 
protected against PIV3 challenge as measured by a 
reduced level of replication of PIV3 in the lungs and 
nasal turbinates. H owever. MVA/PIVnf^ was clearly a 
superior vaccine candidate compared to M VA/PIVf. and 
induced levels of antibody and resistance that ap- 
proached that induced by.- infection with PIV3. The 
protection obtained with i.m. or i.n. inoculations of 
MVA/PIVj,N was comparable to that previously 
achieved with i.d. WR/PIV,,]^ but the results with MVA/ 
PWy were much belter than with WR/PIV|;\ In the 
present study, titers of PIV3 in the nasal turbinates of 
MVA recombinants expressing F showed a 1000-fold 
reduction whereas only an eightfold reduction was 
achieved with the WR recombinant in the previous 
study. Whether the better result was due to a booster 
immunization or 10 dilferent VV vectors or promoters 
cannot be determined at this time. 



Table 4 Levels of replication of PIV3 in animals immunized with MVA/PIVp or MWP\\/^^ recombinant virus* 



Immunizing virus 


Immunization 
route 


Nasal turbinates 
Viral titer 


Reduction in 
titer (log.o) 


Lungs 
Viral titer 
(log,oTCID5o/g) 


Reduction in 
titer (log,o) 


MVA 


i.m. 


6.2±ao 




6.2+0.0 




MVA/PIVp 


i.m. 


4.2*0.2 


2.0 


3.5+0.3 


2.7 


MVA/PIVhn 


i.m. 


1.4*0.2 


4.8 


1.9+0.5 


4.3 


MVA/PIVf+MVA/PIVhn 


i.m. 


1.5±0.5 


4.7 


2.7+0.5 


3.5 


MVA 


i.n. 


6.0±0.1 




5.4*0.2 




MVA/PIVp 


i.n. 


2.9*0.3 


3.1 


2.7*0-6 


2.7 


MVA/PIVhn 


i.n. 


1.2*0.2 


4.8 


2.0*0.1 


3.4 


MVA/PIVf+MVA/PIVhn 


i.n. 


1.1*0.2 


4.9 


1.2*0.4 


4.2 


PIV3 


i.n. 


1.3*0.4 


4.7 


<0.8*0.0 


>4.6 



■Cotton rats were given 10® infectious dose of MVA or MVA recombinant either i.m. or i.n. and boosted with the same dose 1 month later. PIV3 
was given once on day 0 at 10® p.f.u. The animals were challenged 63 days after original inoculation with 10^ p.f.u. of PIV3 i.n. Animals were 
killed four days later. ^Values are presen1ed±S.E. Minimum level of detectability of virus was 0.8 log^oTCIDso/g 
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Surprisingly, i.m. inoculations of the VV vectors 
were as effective as the i.n. route in preventing PIV3 
replication even in the nasal turbinates, where one would 
expect IgA lo play an important role. Although we did 
not measure IgA production, there should be only a low 
level response following i.m. injection. Therefore, we 
presume that the protective effect was largely mediated 
by serum IgG. By contrast. Small et al.^*^ demonstrated 
that i.n. inoculation with an appropriate recombinant 
vaccinia virus prevented replication of influenza virus in 
both the upper and lower respiratory tract of mice while 
the i.d. route provided resistance only to influenza virus 
pneumonia. Similarly, Kanesaki ct ^//, reported that 
enteric immunization with an appropriate recombinant 
vaccinia virus was not as successful in suppressing viral 
growth in the upper respiratory tract of cotton rats as 
i n. immunization, and attributed resistance at least in 
part to IgA and cell-mediated cytotoxic activity in the 
respiratory tract. Importantly* the nonreplicating MVA 
is able to induce resistance in the upper and lower 
respiratory tract when administered topically to mucosal 
nasal membranes. 

In summary, i.m. or i.n. administration of a 
replication-deficient, recombinant VIVA vaccine ex- 
pressing PIV3 HN and to a lesser degree F afforded 
significant protection against infection with PIV3. The 
expected safety and the potential efficacy of such a 
vaccine are encouraging and further studies in non- 
human primates are warranted. 
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Host Range and Cytopathogenicity of the Highly Attenuated MVA Strain of Vaccinia Virus: 
Propagation and Generation of Reconnbinant Viruses in a Nonhuman Mamnnalian Cell Line 

Miles W. Carroll' and Bernard Moss^ 

Laboratory of Viral Diseases. National Mstitute of Allergy and Infectious Diseases. National Institutes of Health. Bethesaa, Maryland 20892-0445 
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Modified vaccinia virus Ankara (MVA). attenuated by over 500 passages in primary chick embyro fibroblasts (CEF), is 
presently being used as a safe expression vector. We compared the host ranges of MVA and the parental Ankara strain in 
CEF and 15 permanent cell lines. The cells could be grouped into three categories: permissive, semipermissive, and nonpermis- 
sive. For MVA, the permissive category consisted of primary CER a quail cell line derived from QT6, and the Syrian hamster 
cell line BHK-21. Only in BHK-21 cells did the virus yield approach that occurring in primary CEF. The semipermissive category 
included two African green monkey cell lines: BS-C-1 and CV-V The nonpermissive category for MVA consisted of three 
human cell lines HeLa, 293, and SW 839; one rhesus monkey cell line FRhK-4; two Chinese hamster cell lines CHO and CHL; 
one pig cell line PK{15): and three rabbit cell lines RK13, RAB-9, and SIRC. The grouping for MVA with a restored K1L host 
range gene was similar except for the inclusion of RK13 cells among permissive lines. The grouping for the Ankara strain, 
however, was quite different with more permissive and semipermissive cell lines. Nevertheless, in cells that were permissive 
for MVA, the virus replicated to higher levels than Ankara, consistent with both positive and negative growth elements 
associated with the adaptation of MVA The cell lines were also characterized according to their susceptibilty to MVA-induced 
cytopathic effects, expression of a late promoter regulated reporter gene by an MVA recombinant, and stage at which virion 
morphogenesis was blocked. Finally, the permissive BHK-21 cell line was shown to be competent for constructing and 
propagating recombinant MVA, providing an alternative to primary CEF. < 1997 Academic Press 



INTRODUCTION 

Modified vaccinia virus Ankara (MVA), a highly attenu- 
ated strain of vaccinia virus (W), was developed as a 
safe vaccine for smallpox prior to the eradication of that 
disease. MVA was derived from the W Ankara strain by 
over 500 passages in primary chick embryo fibroblasts 
(CEF), after which it could no longer replicate, or repli- 
cated very inefficiently, in a variety of mammalian cell 
lines (Mayr et at., 1975, 1978). MVA is nonpathogenic 
in animals, including suckling and irradiated mice and 
primates (Hochstein-Mintzel et aL, 1972; Mayr et af., 
1978). In addition, no serious complications were re- 
ported when MVA was administered as a smallpox vac- 
cine to over 100,000 humans (Mahnel and Mayr, 1994; 
Stickl et aL, 1974). In the United States. Biosafety level 2 
containment and smallpox vaccination at IG-year inter- 
vals have been recommended for laboratory studies with 
standard W strains (Katz and Broome, 1991). MVA. how- 
ever, was recently assigned Biosafety level 1 status with- 
out a vaccination requirement by the National Institutes 
of Health intramural biosafety committee. 

The genetic basis for the host range restriction of MVA 
is not yet understood. At least four onhopoxvirus host- 

' Curreni address: Oxlcrd BioMedica (UK) Ltd., Medawar Centre. 
Oxford Science Park. Oxford. 0X4 4GA. UK. 

"To whom reprint requests should be addressed. Fax: (301) 480- 
1147. E-mail: bmosS'O-nih.gov. 



range genes have been described: CH0/7r(Gillard et af., 
1985), C7L (Oguiura et aL, 1993; Perkus efa/., 1990). K1L 
(Perkus era/.. 1990). and E3L {Beattie er a/.. 1996; Chang 
et ai, 1995). The homolog of the cowpox CHO/^r gene 
has been disrupted or deleted in all strains of W and an 
intact gene is required for replication of W in Chinese 
hamster ovary (CHO) cells. Expression of either CHO/ir, 
K1L, or C7L allows W replication In human MRC-5 and 
pig kidney PK(1 5) cells and either Kl L or CHOA?/- permits 
replication in rabbit kidney RK13 cells (Perkus et ai, 
1 990). The E3L gene is required for W replication in Vero 
and HeLa cells (Beattie et aL. 1996; Chang et af.. 1995). 
With the exception of the E3L gene, which codes for a 
double-stranded RNA binding protein (Chang et aL, 
1992), the functions of the host-range genes are un- 
known. An examination of the MVA genome showed that 
approximately 15% of the parental DNA, including most 
of the K1L gene, had been deleted (Altenburger et aL, 
1989; Meyer et af.. 1991). However, replacement of the 
K1L gene extended the host range of MVA only to RK13 
cells. The functional status of other orthopoxvirus host 
range genes in MVA is still unknown. 

The host range restriction of MVA is unique in several 
respects. First, the restriction is broader than that of other 
host range mutants: efficient replication has been de- 
scribed only in primary CEFs. Second, the block in non- 
permissive cells occurs at a late stage of the replication 
cycle. Biochemical and electron microscopic analyses of 
HeLa cells infected with MVA indicated that viral late 
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gene expression occurs but that virion morphogenesis 
is interrupted (Sutter and Moss, 1992). In contrast, viral 
protein synthesis is inhibited soon after nonpermissive 
infections with mutants of other known host range genes 
(Chang et aL. 1995; Gillard, 1985, Njayou et ai. 1982; 
Ramsey-Ewing and Moss. 1995, 1996). The unimpaired 
viral protein synthesis, even in nonpermissive human 
cells, is an important property of MVA that accounts for 
its usefulness as a safe yet efficient expression vector 
(Sutter and Moss, 1992). 

Transfer plasmids for construction of stable MVA ex- 
pression vectors have been developed (Antoine et ai, 
1996; Carroll and Moss, 1995; Scheiflinger et ai, 1996; 
Sutter and Moss, 1992; Wyatt etai, 1996) and the bacte- 
riophage T7 RNA polymerase gene has been integrated 
into the MVA genome for transient transfection studies 
(Sutter et ai, 1995; Wyatt et ai, 1995). Furthermore, ani- 
mal experiments indicated that recombinant MVA pro- 
vided protection against challenge with influenza virus 
(Bender et ai, 1996; Sutter et ai, 1994), simian immuno- 
deficiency virus (Hirsch et ai, 1996), and parainfluenza 
virus type 3 (Wyatt etai, 1996). Where comparisons were 
made, the immunogenicity of MVA recombinants was 
equal to or better than those of standard W recombi- 
nants. In addition, MVA has been effective in a murine 
cancer immunotherapy model (Carroll et ai, 1997). 

As the use of MVA vectors expanded, more cell lines 
were used to express recombinant proteins, and our ex- 
perience and that of others indicated that the cytopathic 
effects (CPE) of MVA or MVA recombinants varied. In 
some mammalian cell lines, such as BHK-21 cells, the 
CPE seemed comparable to those of standard W strains 
(J. K. Rose, G. Wertz. personal communications). Scien- 
tific questions pertaining to the host range of MVA, as 
well as practical ones concerning its use as an expres- 
sion vector, motivated us to study MVA with regard to 
induction of CPE, replication, cell to cell spread, virus 
morphogenesis, and recombinant gene expression in ad- 
ditional mammalian and avian cell lines. For comparison, 
we also analyzed the host range properties of the paren- 
tal Ankara strain of W and the effects of a functional K1 L 
gene on MVA host range restriction. 

MATERIALS AND METHODS 

Cells and viruses 

Cell lines (Table 1) were grown under conditions sug- 
gested by the American Type Culture Collection (ATCC, 
Rockville, MD). CEF were prepared from 10-day-old em- 
bryos. For virus infections, CEF were used in the first 
passage although they are referred to as primary CEF in 
the text. The quail cell line QT35 (supplied by K. Ander- 
son. USAMRIID, Frederick, MD) is a derivative of QT6 
(ATCC) and was grown in E-199 medium containing 10% 
tryptose phosphate broth and 5% fetal bovine serum 
(FBS). MVA and the parental strain W Ankara (provided 
by A. Mayr, Veterinary Faculty, University of Munich) and 
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MVA/K1L, an MVA recombinant containing a functional 
K1L gene (Meyer et ai, 1991), were propagated in CEF 
cells and purified by centrifugation through a 36% su- 
crose cushion (Earl etai, 1991). Virus stocks were titered 
on CEF by immunostaintng as described below. MVA 
lacZ (Sutter and Moss, 1992) and WR lacZ (Carroll and 
Moss, unpublished data) are recombinant W derived 
from MVA and WR strains, respectively. Both viruses con- 
tain the Escherichia coli lacZ gene encoding ^-galactosi- 
dase (GAL) under the regulation of the W 1 IK late pro- 
moter (Bertholet ef ai, 1985). 

Immunostaining 

MVA does not form clear plaques on cell monolayers 
and therefore foci were visualized by immunostaining. 
Briefly, cells were fixed with a 1:1 solution of metha- 
nohacetone for 2 min, washed with phosphate buffered 
saline (PBS), and then incubated for 1 h at room tempera- 
ture with rabbit polyclonal W antiserum diluted 1:2000 
with PBS containing 2% FBS. After washing twice with 
PBS, cells were incubated for 1 h at room temperature 
with Protein A conjugated to horseradish peroxidase 
(HRP. Boerhinger) diluted to 1 = 1500 in PBS containing 2% 
FBS. Cells were washed twice in PBS and incubated up 
to 30 min with substrate solution prepared by adding 10 
fi\ of 30% H2O2 and 0.2 ml of an ethanol solution saturated 
with dianisidine (Sigma) to 10 ml of PBS. A brown stain 
signified W proteins. Double immunostaining. to visual- 
ize recombinant protein synthesis and MVA, was done 
as follows: monolayers were treated as above except 
that the 1:500 dilution of the primary antibody applied 
was against GAL or /?-glucuronidase (GUS). Protein A- 
HRP and substrate were then applied as described 
above. GAL or GUS positive foci were enumerated and 
the anti-W sera was then used to identify all MVA foci. 

Virus replication 

For analysis of virus replication and spread, confluent 
monolayers in Costar six-well tissue culture dishes were 
infected at a multiplicity of infection (m.o.i.) of approxi- 
mately 0.05 using a total of 5 X 10"" plaque forming units 
(PFU) in 1 ml of medium containing 2% FBS. After 45 min 
at 37°, cells were washed once with medium containing 
2% FBS and incubated with fresh medium at 37° Cells 
and supernatant were harvested at 0, 24. 48, and 72 h 
after absorption. For single step growth curves, cells 
were infected with an m.o.i. of 5. After freeze-thawing 
thrice and brief sonication, samples were assayed in 
duplicate on monolayers of CEF. Infected cell foci were 
visualized by immunostaining after 24 h. 

Measurement of GAL 

Cells (approximately 2X10^) were infected at an m.o.i. 
of 5 at 37° After 1 h, monolayers were washed with PBS 
and incubated with medium containing 2% FBS. Cells 
were washed and harvested in Promega reporter lysis 



200 



CARROLL AND MOSS 



TABLE 1 

Spread and Replication oi MVA and Ankara after Low Multiplicity infections* 



Virus spread''" Virus replication* 
Cell ATCC 



line 


code 


Species 


Organ 


Morphology 


MVA 


Ankara 


MVA 




Ankara 




CEF 


Primary 


Chick embryo 


Assorted 


Fibroblast 


+ + + 


+ + + 


4.200 ± 200 


(P) 


240 ± 120 


(P) 


QT35'^ 


CRL-1708 


Quail embryo 


Assorted 


Fibroblast 


ND 


ND 


69.8 ± 30 


(P) 


12.0 ± 8 


(SP) 


BHK-21 


CCL-10 


Hamster. Syrian 


Kidney 


Fibroblast 


+ + + 


+ + + 


680 ± 240 


(P) 


320 ± 200 


(PI 


CHO 


CCL-61 


Hamster, Chinese 


Ovary 


Epithelial 


- 




< 0.001 


{NP) 


<0.001 


(NP) 


CHL 


CRL-1935 


Hamster. Chinese 


Lung 


FibroDlast 


ND 


ND 


0.24 


(NP) 


0.12 


(NP) 


BS-C-1 


CCL-26 


Monkey, African green 


Kidney 


Epithelial 






23.6 ± 0.4 


(SP) 


82.0 ± 38 


(P) 


CV-1 


CCL-70 


Monkey. African green 


Kidney 


Fioroblasi 


+ + 


+ + + 


9.60 ± 2.4 


tSP) 


30.0 - 14 


(P) 


FRhK-4 


CRL-1688 


Monkey, Rhesus 


Kidney 


Fibroblast 


ND 


ND 


0.8 


(NP) 


6.0 


(SP) 


293 


CRL-1573 


Human 


Kidney 


Epithelial 




+ + + 


0.03 ± 0.004 


(NP) 


49.0 i 27 


(P) 


HeLa 


CCL-2 


Human 


Cervix 


Epithelial 


+ 


+ + + 


0.07 ± 0.06 


(NP) 


12.5 ± 12 


(SP) 


SW 839 


HTB-49 


Human 


Kidney 


Fibroblast 


ND 


ND 


0.003 


(NP) 


0.04 


(NP) 


PK(15) 


CCL-33 


Pig 


Kidney 


Epithelial 




+ + + 


0,004 


(NP) 


44.0 


(P) 


MOCK 


CCL-34 


Canine 


Kidney 


Epithelial 


ND 


ND 


2.3 ::: 0.1 


(SP) 


106 ± 18 


(P) 


RK13 


CCL-37 


Rabbit 


Kidney 


Epithelial 




+ + + 


0.001 


(NP) 


160 


(P) 


RAB-9 


CRL-1414 


Rabbit 


Skin 


Fibroblast 


+ 


+ + 


0.98 - 0.58 


(NP) 


11.0 ± 7 


(SP) 


SIRC 


CCL-60 


Rabbit 


Cornea 


Fibroblast 


+ 


+ + + 


0.03 


(NP) 


136 


(P) 



^ m.o.i. of 0.05. 

''Virus spread as visualized by immunostaining after 72 h. -, No stained cells; +, foci of 1 to 4 stained cells; ++, foci of 5 to 25 stained cells; 
+ + + . foci of >25 stained cells; ND, not determined. 

' Virus replication (fold increase in virus titer) determined by dividing the virus yield at 72 h by the input liter of 2.5 x 10*'. Letters in parentheses 
refer to permissive, semipermissive. and nonpermissive for virus replication: NP. <1-foId increase: SP. 1- to 25-fold increase: P. >25-fold increase. 

" OT35 cells supplied by K. Anderson were derived from QT6 cells. The ATCC code refers to QT6 cells. 



buffer. GAL activity was determined using a Promega 
(Madison. Wl) enzyme assay kit. Standard cun/es were 
made to determine GAL activity units. 

Electron microscopic analysis 

Confluent cell monolayers were infected at a m.o.i. of 
10. The virus was allowed to adsorb for 1 h at 37° and 
the cells were then washed and Incubated at 37** for an 
additional 24 h. Cells were fixed in 2% glutaraldehyde 
and processsed lor transmission electron microscopy 
as previously described (Wolffe et ai., 1996), except that 
sections were first stained with 7% uranyl acetate (Elec- 
tron Microscopy Sciences, Fort Washington, PA) in 50% 
ethanol for 20 min and then with bismuth subnitrate for 
5 min as described (Alnsworth and Karnovsky, 1972). 

Recombinant virus construction 

Monolayers of CEF or BHK-21 cells, in six-well tissue 
culture dishes, were infected with MVA at an m.o.i. of 
0.1. After 1 h at 37^ cells were washed twice and over- 
layed with 1 ml of Optimem (Gibco BRL). Approximately 
3 of plasmid DNA was diluted with sterile water to 
25 /il and mixed with 15 ^g of lipofectin (Gibco BRL) 
previously diluted to a final volume of 25 /il. The DNA/ 
lipofectin mixture was incubated at room temperature for 
10 min and then added dropwise to the infected cells. 
After a 4-h absorption, the Optimem was replaced with 
1 ml of medium containing 2% FBS. Cells were harvested 
after an additional 40 h, frozen and thawed thrice, soni- 



cated, and inoculated on CEF or BHK-21 cells. Recombi- 
nant virus plaques expressing GAL or GUS were identi- 
fied using the substrates X-gal (Gold BioTechnology, St. 
Louis, MO) or X-glu (Clonetech Laboratories. Palo Alto, 
CA), respectively (Carroll and Moss. 1995). After 1 h ab- 
sorption, cells were overlayed with 3 ml of plaque me- 
dium containing 2% FBS and 1% low melting point (LMP) 
agarose (Gibco BRL). Cells were incubated for approxi- 
mately 40 h and overlayed with 2 ml of plaque medium 
containing the relevant substrate. A blue color was evi- 
dent within 6 to 18 h. 

RESULTS 

Cell to cell spread of MVA and W Ankara 

As a sensitive measure of the host-range properties of 
MVA and the parental Ankara strain of W. we infected 
primary CEF and 10 different cell lines with an m.o.i. of 
0.01 and measured virus spread. As spread might occur 
in the absence of obvious CPE, rabbit polyclonal anti-W 
serum was used to identify cells expressing MVA proteins. 
In permissive CEF, MVA produced clearly stained foci of 
approximately 100 cells at 24 h after infection (Fig. 1). The 
stained cells maintained their spindle shape with little or 
no evidence of CPE until several days later. Foci formed 
by the parental W Ankara strain in CEF were slightly larger, 
with gaps or holes in their centers, after 1 day (Fig. i). 

Remarkably, the viral protein staining pattern observed 
in MVA infected Syrian baby hamster kidney BHK-21 cells 
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FIG. 1. Cell-io-cell spread of MVA and W Ankara. The indicated cells were infected with an m.o.i. of 0.01 and then fixed and immunostained 
with anii-W antibody at 24, 48, or 72 h. The panels show representative fields at approximately 200x magnification. 
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was similar to that in CEF (Fig. 1), suggesting that these 
mammalian cells were able to support replication and 
spread of this virus. The sizes of the foci were similar to 
those seen in CEF cells and the entire monolayer showed 
cytopathic effects after longer times. No other mamma- 
lian cell line examined supported such extensive spread 
of MVA, The greater cytopathic effects of W Ankara, 
compared to MVA, could be seen at 24 h after infection 
of BHK-21 cells. 

Other mammalian cell lines, exemplified by BS-C-1 
(Fig. 1) and CV-1 (photograph not shown), enabled limited 
spread of MVA. At 24 h, foci containing 2 to 5 cells were 
frequently observed. The size of these foci steadily in- 
creased to about 20 cells by 72 h (Fig, 1), To determine 
if the apparent spread of MVA in BS-C-1 cells was merely 
due to diffusion of MVA gene products, we specifically 
inhibited virus maturation with 100 /i.g/ml of rifampicin 
(Moss etal., 1969). After a 72-h incubation, intense immu- 
nostaining occurred mainly in single cells with occa- 
sional weak staining of immediately adjacent cells (data 
not shown). The effect of rifampicin suggested that foci 
forming in the absence of drug were due to spread of 
mature infectious virions. 

Several MVA inoculated cell lines, exemplified by hu- 
man 293 (Fig. 1) and HeLa (photograph not shown), de- 
veloped predominantly single stained cells with occa- 
sional foci of less than five stained cells after a 72-h 
incubation. A pattern of almost exclusively single staining 
cells had previously been noted with mouse L-929 cells 
(Sutter et at., 1994). Another category of cells, repre- 
sented by CHO and RK13. did not show any evidence of 
MVA protein production when immunostained (photo- 
graph not shown). Control experiments, carried out in 
permissive cell lines infected in the presence of the DNA 
replication inhibitor AraC, indicated that viral late protein 
synthesis was required for detectable Immunostaining. 
Therefore, the block in CHO and RK13 cells occurred at 
a stage before viral late gene expression. These results 
are consistent with the stages at which standard W 
strains lacking the CHOhr or K1L gene are blocked in 
CHO cells and RK13 cells, respectively (Ramsey-Ewing 
and Moss. 1995, 1996). 

A summary of the data regarding MVA spread and a 
description of the 1 1 cell types examined are in Table 1. 

Replication of MVA. MVA/K1L, and W Ankara under 
multistep growth conditions 

The ability of W Ankara and MVA to replicate and 
spread was further investigated and quantitated in pri- 
mary CEF and 15 different cell lines infected at a m.o.i. 
of 0.05, We also examined the replication of a previously 
decribed (Meyer er a/., 1991) recombinant MVA with a 
restored K1 L gene (referred to as MVA/K1 L), At 0, 24, 48. 
and 72 h after infection, the cells were harvested and 
titered in CEF. As previously noted (Meyer et ai, 1991), 
MVA replicated to a higher titer in CEF than the parental 



^ BHK.21 




FIG. 2. Replication of MVA. MVA'KIL. and W Ankara in selected cell 
lines. Cells were infected with an m.o.i. of 0.05 and after adsorption 
and 24, 48, and 72 h later, the medium and cells were harvested 
together. Virus yields were determined by infecting CEF with serial 
dilutions and counting immunostained cell foci. The titers represent 
the average values of two independent experiments, except for SW 
839. PK(15), and RK13. which were done once. Standard errors are 
indicated by bars. 



W Ankara strain (Fig. 2). Restoration of the K1L gene, 
however, had no significant effect on MVA replication. 
One avian cell line tested, quail QT35, was pernnissive 
for both MVA and W Ankara but the yields were 1 to 2 
logs lower than with CEF (Fig. 2). 

Three hamster cell lines were tested. The yield of MVA 
in Syrian hannster BHK-21 cells was similar to that in 
primary CEF at 24 h, but then plateaued so that the 72- 
h yield was sightly less than in CEF (Fig. 2). The presence 
or absence of a functional KIL gene made no difference 
to MVA replication in BHK-21 cells. The yield of W An- 
kara in BHK-21 cells was slightly lower than that of MVA. 
The two Chinese hamster cell lines tested. CHO (Drillien 
etai, 1978) and CHL (Ramsey-Ewing. personal communi- 
cation), are not permissive for standard laboratory strains 
of W so their failure to support replication of MVA or 
MVA/K1L was predictable (Fig. 2; Table 1). 

Three monkey cell lines were evaluated. Significant 
but low increases in MVA titers were obtained in the 
African green monkey kidney lines, BS-C-1 and CV-1 (Fig. 
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2). The K1L gene did not increase the production of MVA 
in these cells. However, W Ankara grew better than MVA 
in BS-C-1 and CV-1 cells. Replication of MVA was poor 
in rhesus FRhK-4 kidney cells (data shown in Table 1). 

In all three human cell lines tested, HeLa, 293, and 
SW 839, the titers of MVA remained constant or de- 
creased after the adsorption period whereas the parental 
W Ankara strain replicated (Fig.2). Here too. a functional 
K1L gene was not beneficial for MVA replication. 

Three rabbit cell lines were evaluated. As previously 
described, MVA did not replicate in rabbit kidney (RK13) 
cells, whereas both MVA/K1L and Ankara did (Fig. 2). 
MVA/K1L and W Ankara also grew better than MVA in 
rabbit skin (RAB-9) cells but this cell line was inefficient 
even for those strains (Fig. 2). Rabbit cornea (SIRC) cells 
were permissive for Ankara but not MVA (data shown in 
Table 1). K1L enhanced MVA replication in SIRC cells to 
a small extent (data not shown). 

The 72-h virus yields were divided by the amount of 
input virus (2.5 X 10*) and the ratios are listed in Table 
1. Higher ratios would have been obtained if the yields 
were divided by the virus titers determined after the ab- 
sorption period (Fig. 2). However, that would have re- 
sulted in greater variability especially as the postabsorp- 
tion W Ankara titers were usually 1 log lower than those 
of either MVA or MVA/K1L. though the input titers were 
similar. Cell lines were categorized using the following 
criteria: nonpermissive allowing a <1-fold replication, 
semipermissive allowing 1- to 25-fold replication, and 
permissive allowing >25-fold replication. These catego- 
ries were in agreement with the more qualitative immu- 
nocytological assessment of virus spread (Table 1). Two 
cell lines fell into the permissive group for MVA: BHK-21 
and QT35 cells. Of these, BHK-21 cells consistently gave 
the higher yield. BS-C-1, CV-1 and MDCK cells were in 
the semipermissive group and the others including all of 
the human cells were nonpermissive. The patterns of 
permissiveness for W Ankara and MVA were quite differ- 
ent (Table 1). Thus, for W Ankara, the BHK-21, BS-C-1, 
CV-1, 293, PK(16). MDCK, RK13. and SIRC cell lines were 
permissive; QT35, FRhK4, HeLa, and RAB-9 cell lines 
were semipermissive: and only CHO and CHL cells were 
nonpermissive. SW 839 cells also scored as nonpermis- 
sive, although slight replication was suggested by growth 
curves (data not shown). 

Replication and CPE In synchronized MVA infections 

Under the low multiplicity, multistep growth conditions 
in the preceding section, both the formation and spread 
of infectious virus were important. There are many W 
mutants in which normal intracellular levels of infectious 
virus are formed but plaque size and cell to cell spread 
are severely reduced (Blasco and Moss, 1991; Dallo et 
al„ 1987; Duncan and Smith, 1992; Martinez-Pomares et 
at., 1993). Under these circumstances, very different virus 
yields are obtained when multistep and single step 
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FIG. 3. Synchronous infection of selected cells by MVA. MVA/KIL. and 
W Ankara. Cells were infected with an m.o.l. of 5 and the medium and 
cells were harvested together and the virus yields were determined as 
in the legend to Fig. 2. The titers represent the average of values (rom 
two independent experiments. Standard errors are indicated by bars. 



growth experiments are compared. We therefore deter- 
mined the virus titers following synchronous infections 
at an m.o.i. of 5. 

As expected, cells that enabled multistep growth of 
MVA produced significant yields of virus under one-step 
growth conditions. Thus, similar high yields of MVA were 
obtained in primary CEF and continuous BHK-21 cells 
and almost a log lower yields in QT35 cells. (Fig. 3). Only 
these three cell types produced more than 1 PFU of MVA 
per cell (Table 2). 

Some increase in MVA titers were detected in BS-C- 
1 and CV-1 cells (Fig. 3). When comparing MVA titers 
between the adsorption period and 24 h, there was a 
slight increase in the human HeLa and 293 cell lines, 
though this was at least a log lower than for W Ankara. 
Replication of MVA was still lower in MDCK cells; under 
multistep conditions these cells barely scored as semi- 
permissive. Declining growth curves were seen in all 
other cells tested. 

Restoration of the MVA K1 L gene had a markedly posi- 
tive effect only in RK13 cells. W Ankara replicated to 
some extent in all cell lines except CHO and CHL How- 
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Cytopathic Effects and Replication of MVA and Ankara after Synchronous Infections* 



Cell 

line 




MVA 








M VA/K 1 L 








Ankara 










CPE" 


PFU/cell 




CPE 


PFU/cell 


CPE 




PFU/cell. 24 h 


12 h 


24 h 


12 h 


24 h 


12 h 


24 h 


CEF 


+ 


+ + + 


55.30 ± 


6 


+/+ + 


+ + + 


43 ± 


4.7 


+ + + 


4- 4-4" 4" 


R n 

D.U 






QT35 


+ 


+ + + 


4.85 ± 


0.55 




4- + + 


5.50 ± 


0.8 


+ + + + 


4-4-4-4- 


1.5 




0.5 


BHK-21 


+ 




59.0 ± 


14 






37 ± 


3.7 




4-4-4- 


9.7 




4,7 


CHO 


+ 




0.01 ± 


<0.01 


+ 


+ 


0.01 ± 


<0.01 


+ 


-4/4- + 


<0.01 




<0.01 


CHL 




+ + + 


0.01 ± 


<0.01 




+ + + 


0.01 ± 


<0.01 


+ + + 


4-4-4-4- 


0.01 




<0.01 


BS-C-1 






1.00 :t 


0.7 




+ 


0.57 ± 


0.27 


+ + + + 


4-4-4-4- 


4.6 




3.75 


CV-1 


+ 


+ 


0.27 i 


0.07 






0.1 ± 


0.03 


+ 4- 


4- 4- + 4- 


1.5 




1-1 


FRhK-4 






0.27 - 


0.07 




+ + 


0.26 :!: 


0.07 


+ 4- + 


4-4-4-4- 


0.55 




0-45 


293 


+ + + 


+ + + + 


0.25 ± 


0.11 


+ + + 


+ + + + 


0.21 ± 


0.08 


ND 


4-4-4-4- 


4.2 




2-8 


HeLa 


+ 


+ + + + 


0.56 ± 


0.2 


+ 


+ ++ + 


0.22 ± 


0.12 


4- 


4-4-4- + 


7.0 




2 


SW 839 


+ 


+ + + 


0.17 ± 


0.13 


+ 


+ + + 


0.08 ± 


0.07 


+ 4-4- 


+ + + + 


0.63 




0.33 






+ 


0.04 - 


0.02 




+ 


0.02 ± 


0 


+/+ + 




4.17 




0.83 


MOCK 


ND 


ND 


0.18 


ND 


ND 


0.01 


ND 


ND 




1.1 




RK13 


+ 


+/+ + 


0.07 ± 


0.01 


+ 


+/+ + 


3.42 ± 


2.42 


4-4-4- 


+ + + + 


7.67 


■±_ 


0.67 


RAB-g" 


-/+ 


+ 


0.07 ± 


0.03 


-/+ 


+ 


0.62 ± 


0.09 




+/ + + 


5.45 




3.55 


SIRC 


ND 


ND 


0.03 ± 


0 


ND 


ND 


0.08 ± 


0 


ND 


ND 


0.2 




0 



* m.o.i. of 5.0. 

^' CPE was categorized by ihe following criteria: no difference from control, <25% CPE. +: 25 to 50% CPE. 4- + ; >50 to 75% CPE + + + ; >75 
to 100% CPE or high level cell detachmeni, + + + +. 
' CPE was + at 72 h and + + 4- at 144 h. 
"CPE was + at 72 h and + + +/+ + + + at 144 h. 



ever, the yields were lower than MVA in CEF, QT35, and 
BHK-21 cells and higher in the others. 

In parallel with the one-step growth curves, we exam- 
ined the cells for CPE. Those cell lines that were permis- 
sive for MVA replication generally showed CPE, although 
this was delayed somewhat compared to W Ankara (Ta- 
ble 2). Some cell lines that were nonpermissive for MVA 
had quite severe CPE by 24 h (e.g., 293, HeLa, CHL), 
while with others the CPE was delayed (e.g., BS-C-1, CV- 
1. PK{15), and RAB-9); PK(15) and RAB-9 cells exhibited 
only minor CPE even after 72 h. 

Virus morphogenesis in permissive, semipermissive 
and nonpermissive cells 

Sutter and Moss (1992) reported that only stages up 
to and including immature, spherical, enveloped viral par- 
ticles were seen by electron microscopic examination of 
HeLa cells infected with MVA, whereas mature-looking 
particles were abundant in CEF. We extended this analy- 
sis to MVA or Ankara infected CEF, BHK-21, BS-C-1. and 
RAB-9 cells and repeated the analysis of HeLa cells. 

As predicted, viral particles of all stages of maturation 
were evident in MVA infected BHK-21 cells (Figs. 4A, 4B) 
and CEF (not shown). The viral forms were indistinguish- 
able from those of W Ankara infected BHK-21 cells and 
CEF (not shown). 

Mostly immature particles were seen in MVA-infected 
BS-C-1 cells, whereas mature particles were rare (Figs. 



4C, 4D). In addition, some of the immature, spherical viral 
particles that formed in BS-C-1 cells contained dense 
nucleoid structures. Mature viral particles were abundant 
in BS-C-1 cells infected with W Ankara (not shown). 

As previously reported (Sutter and Moss, 1992), the 
vast majority of viral particles in MVA-infected HeLa cells 
were immature. In the present study, we were able to 
distinguish two types of spherical immature particles: the 
majority were typical, e.g., appearing in cross-section as 
a membrane enclosing granular material; others ap- 
peared dense and were frequently associated with cis- 
ternae (Fig. 4E). Some of the typical immature virions 
contained nucleoids (Fig. 4F), not noted previously in 
MVA-infected HeLa cells (Sutter and Moss. 1992). Re- 
markably, many of the dense immature particles ap- 
peared to be undergoing membrane wrapping and some 
were outside of the cell (Fig. 4F). 

In RAB-9 cells infected with MVA, even immature viral 
particles were rare (not shown). Mature virions were de- 
tected in RAB-9 cells infected with W Ankara, but the 
numbers were lower than in CEF or BS-C-1 cells. 

Late promoter regulated reporter gene expression 

W gene expression is programmed so that early 
genes are expressed before DNA replication and inter- 
mediate and late ones successively afterward. As men- 
tioned earlier, the ability to express late genes in nonper- 
missive cells is a distinguishing feature of MVA host 
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restriction and enhances its value as an expression vec- viruses. The virus stocks had been purified by sedimenta- 
tor. We compared the expression of GAL regulated by tlon through a 36% sucrose cushion, to remove contami- 
the same 1 1 K late promoter in MVA and WR recombinant nating GAL produced in the permissive cell line used for 
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virus propagation. The highest levels of GAL were made 
in CEF infected with either MVA or WR recombinant vi- 
ruses (Fig. 5). The next highest levels were made in 8HK- 



21 cells by either of the recombinant viruses. In BS-C-1 
and CV-I cells, the WR recombinants produced several- 
fold more GAL than the MVA recombinants. The two cell 
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FIG. 4 — Continued 
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FIG. 5. Expression of lacZ under W late promoter control by recombi- 
nant MVA and WR. MVA and WR recombinants containing the E. colt 
lacZ gene regulated by the W UK gene late promoter were used to 
infect cells at an m.o.i. of 5. The cells were harvested at 12. 24, and 
48 h after infection and lysates were tested for GAL activity. GAL units 
per 2 X 10^ cells were calculated from a standard curve. Standard 
error bars are shown. 



lines that exhibited the least MVA-induced CPE, PK(15). 
and RAB-9 also produced the least GAL Although the 
WR recombinant virus produced reasonable amounts of 
GAL in PK{15) cells, very little was made in RAB-9 cells. 

Isolation of recombinant MVA in BHK-21 cells 

The necessity of using primary CEF for the production 
of recombinant MVA hinders its widespread use as a safe 
alternative to fully replication competent W strains such 
as WR, In an attempt to overcome this barrier, we com- 
pared the production of recombinant MVA in CEF and 
BHK-21 cells using transfer plasmids that introduced for- 
eign genes into three different regions of the MVA genome 
(Table 3). Two of the three regions were sites of deletions 
that occurred during the multiple passages of MVA in CEF 
(Meyer etaL 1991) and were chosen so that no additional 
viral genes would be interrupted. The third site was the 
tk locus, a site that is commonly used with replication 
competent W strains such as WR. With transfer plasmid 
pMC03, the recombination efficiencies was similar in CEF 
and BHK-21 cells, with the detection of approximately 200 



and 400 recombinants, respectively (Table 3). Approxi- 
mately 500 recombinants were detected using the transfer 
plasmid pLW22 in BHK-21 cells. The results with transfer 
plasmid pMCl107GUS were similan 200 recombinants in 
CEF and 300 in BHK-21 cells. In each case, the recombi- 
nant viruses were subsequently plaque purified three 
times and small stocks were prepared in CEF or BHK-21 
cells. All plaques, produced by these stocks, stained with 
antibodies to the marker protein and to W, confirming the 
purity and stability of the recombinant viruses in both CEF 
and BHK-21 cells. 

DISCUSSION 

W has a remarkably broad host range and is capable 
of productively infecting avian as well as mammalian 
cells. In the case of MVA. repeated passaging in primary 
CEF resulted in an adaptation to CEF and diminished 
ability to replicate in most cell lines. Since the early pas- 
sages of MVA were not presen/ed, we do not know 
whether the same or separate mutations accounted for 
the positive and negative cell-specific growth character- 
istics. The present study was undertaken to document 
further the host restriction of MVA and to facilitate its 
use as an expression vector. In addition to primary CEF. 
we infected 15 different cell lines with MVA and grouped 
them as permissive, semlpermissive, and nonpermissive. 
Although the permissiveness of the quail cell line QT35 
was not surprising in view of the avian adaptation of 
MVA and the permissiveness of CEF lines (Meyer ef a/., 
1991; cited in Sutter and Moss, 1992), the ability of MVA 
to replicate in a Syrian hamster cell line was remarkable. 
In fact, BHK-21 cells supported replication of MVA nearly 
as well as primary CEF and much better than the avian 
cell lines. Moreover, MVA replicates better in BHK-21 
cells than the parental W Ankara strain, indicating that 
the adaptation to CEF carried over to BHK-21 cells. Two 
African green monkey cell lines, BS-C-1 and CV-1, sup- 
ported a low level of MVA replication, consistent with a 
previous report of MVA replication in MA 104 cells 
(Meyer et ai, 1991). Nevertheless, the three human cell 
lines tested here, as well as three additional ones tested 
by Meyer et aL (Meyer et a/., 1991), produced 1 PFU or 
less of MVA per cell and were classified as nonpermis- 
sive. Cells derived from a variety of other sources were 
also nonpermissive for MVA. There does not appear to 
be a recognizable feature that distinguishes cells that 
are permissive from those that are semi- or nonpermis- 
sive for MVA. Of the two permissive cell lines, one was 
of avian origin and the other was Syrian hamster derived 
and both were fibroblastic in morphology. 

Host range restriction could result from inhibition of 
infectious virus formation or spread. Thus far. two types 
of mutations are known to prevent W spread. One type 
reduces the amount of extracellular virus (Blasco and 
Moss, 1991; Engelstad and Smith, 1993; Rodriguez and 
Smith, 1990; Wolffe et aL, 1993) and the other prevents 
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TABLE 3 



Construction of Recombinant MVA: Comparison between 
BHK-21 and CEF Cells 



Transfer 
vector* 


Insertion 
site 


Recombinant MVA foci'' 
CEF BHK-21 


pMC03 


Deletion til 


2 X 10^ 


4 X 10^ 


pLW22 


Deletion tl 


ND 


5 X 10' 


pMCn07Gus 


tk locus 


2 X 10^ 


3 X 10' 



*pMC03 and pMCi107Gus both have GUS reporter genes (Carroll 
and Moss, 1995). pLW22 has a GAL reponer gene (L Wyan, unpub- 
lished}. 

" Recombinant MVA foci were identified by staining for GAL or GUS. 



the association of actin tails with intracellular enveloped 
particles (Wolffs ef a/., 1997). However, the correlation 
between MVA replication under multiple and single step 
growth conditions in the various cell lines, indicated that 
the primary block in semipermissive and nonpermissive 
cell lines was formation of infectious virus. 

Electron microscopic studies confirmed the normal rep- 
lication of MVA in BHK-21 cells and CEF. Both spherical 
immature and brick-shaped mature MVA particles were 
abundant in these permissive cell lines. In BS-C-1 cells, 
there were low numbers of mature particles consistent 
with the low yields of infectious virus. Some of the imma- 
ture particles had small dense nucleoids thought to con- 
tain the viral DNA genome. Previous electron microscopic 
studies suggested that the principal defect in HeLa cells 
is the failure of immature MVA particles to form condensed 
cores and assume the characteristic brick shape (Sutter 
and Moss, 1992). In the present study, we found two types 
of immature MVA particles in HeLa cells: the majority were 
similar to those observed during a normal W infection 
and appeared on cross-section as a circular membrane 
enclosing granular material and in some cases a nucleoid; 
others, however, were uniformly dense. The novel dense 
particles were frequently associated with cisternae and 
some were undergoing wrapping by cellular membranes. 
Wrapped dense particles were even found in extracellular 
spaces, suggesting that they had passed through the 
plasma membrane. It will be interesting to determine the 
biochemical and enzymatic composition of these particles 
and to evaluate whether they might be responsible for the 
spread of MVA to immediately adjacent HeLa cells as 
revealed by immunostaining. Some nonpermissive lines 
such as RAB-9, have an earlier block which prevented 
accumulation of significant numbers of immature enve- 
loped virions. Reporter or viral gene expression studies 
suggested that the defect in RAB-9. PK(15), and RK13 cells 
involves inhibition of viral late protein synthesis. In the 
latter case, the defect was due to the absence of a func- 
tional Kl L gene. The host restriction in CHO cells probably 
involves the absence of a functional CHO/?r gene although 
this was not specifically examined. 



Several aspects of this study pertain to the use of MVA 
as an expression vector. One reason for choosing MVA 
is the high degree of attenuation and inefficient propaga- 
tion in human cells. A second reason is that MVA DNA 
replication and gene expression are relatively unim- 
paired, allowing use of strong late promoters for recombi- 
nant gene expression. However, the level of late gene 
expression varied and in some cells was less than with 
replication competent strains of W. Nevertheless, in 
cells supporting the highest recombinant gene expres- 
sion, the level achieved with the MVA and WR strains 
were similar and in others the difference was only sev- 
eral-fold. In some situations, MVA may have been chosen 
for recombinant gene expression because of expecta- 
tions of lower CPE compared to standard W strains. This 
is true for BS-C-1 and CV-1 cells. In some other cases, 
however, the CPE were delayed rather than prevented 
even in nonpermissive cells. Unfoaunately, the cell lines 
that were most resistant to CPE, PK(15) and RAB-9, ex- 
pressed viral or recombinant proteins poorly. If special 
ceil lines are needed for specific studies, it would be 
prudent to first test them with recombinant MVA to deter- 
mine the extent of CPE and reporter gene expression. 

BHK-21 cells can be used for constructing and propa- 
gating recombinant MVA and therefore provides an alter- 
native to primary CEF. A variety of transfer plasmids that 
facilitate expression cloning in the MVA genome have 
been described (Antoine et a/., 1996; Carroll and Moss, 
1995; Scheiflinger et ai. 1996; Sutter and Moss, 1992; 
Wyatt et ai, 1996). These plasmids allow expression of 
one or two recombinant genes under moderate or strong 
promoters and some provide for color screening or anti- 
biotic selection of recombinant viruses. Four regions of 
the MVA genome have been used for gene insertion: 
these consist of two sites in which spontaneous dele- 
tions had occurred during the adaptation of MVA to CEF. 
the hemagglutinin region, and the tk locus. Most of our 
own experience has been with recombination into the 
deletion sites. Nevertheless, as reported here, we had 
no difficulty isolating a tk~ recombinant MVA with either 
CEF or BHK-21 cells, suggesting that the many transfer 
plasmids previously constructed for use with standard 
strains of W (Earl and Moss, 1991) may be suitable for 
MVA. However, we may have been fortunate in this one 
case since Scheiflinger et ai (1996) reported that tk~ 
MVA recombinants were difficult to purify in CEF. leading 
them to include a functional fowlpox virus tk gene in their 
transfer plasmids. Whether BHK-21 celts are superior to 
CEF for tk~ MVA remains to be determined. 

Recent marker rescue experiments in our laboratory 
indicate that the MVA phenotype is the result of multiple 
gene defects that have an additive effect on host restric- 
tion (M. Carroll, C. Czerny, and B. Moss). This is an excel- 
lent result with regard to the safety of recombinant MVA, 
since spontaneous reveaants are most unlikely. How- 
ever, this result will surely complicate our efforts to un- 
derstand the basis of MVA host restriction. 
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The Complete Genomic Sequence of the Modified Vaccinia Ankara Strain- 
Comparison with Other Orthopoxviruses 

G. Antoine. F. Scheiflinger. F. Dorner, and F. G. Falkner' 

£/0^>eC/c... P.es.Brcf> Ce.ser. Hy,an6.,rr>'r>u.o. U^erstrsssB 15. A.2304 Onn^Donau. Aus'.na 
Recei..c ./anca. S. 13,. ,,,,,, .'o. ^.^/c ^oa-.y < ...0.0, ««o«C 4. ;os, 

^hich is 192 .b. .93 ooen 4a In^'^'^VrrORF^'.-^^^^^^ '''' ^'^"'"'^ Copenhagen .enon^: 

contains four large deletions ana one large insenion -iatlv» rh= ' ter-n.nal genomic region of MVA 

are fragmented, leaving onlv eioht genes strLctu^aHv int-Tand tl^^^^ "'^^^ 0"'== ^'"^ ^6S*or. 

a ciuster Of genes that is also founrirthTvaSa WR strain and in""' "^"^"'"^'"^ *"=eaed DNA coces for 

homologous to the cowoox virus host ranL gene orolino fu^^. 1 7"' ^ *^-9'"ented gene 

vaccinia. Surprisingly, the centra, conse'erreaTon ofThTreLmTe s^^^^^^^ ' co^PO.-r^e virus was the ancestor oT 

encoding a major membrane protein and ORFsVn L and 01 L It h fragmented genes, including ORF FSL. 

termina. genomic region carri'es three Ta^ge de et ons an ^ «rcarpo';:.^raMmZni -^P^^-'V- ^^e right 

located in this region are fragmented except for those =nco^nl thr^^^^^^^ 

protein B,8a Thus, the attenuated phenotype o MVAlsmeT^lt of nZZT^^ ^""''^^ ankyrin-like 

interactive proteins, including the .r.y..Z genes. .^Z I^.l" ^omrZ^ZTteir ^^.'S ii^r.! "^^^^ 



INTRODUCTION 

The members of the poxvirus family have large dou- 
ble-stranded DNA genomes encoding several hundred 
protems (review: Moss. 1996). Several members of the 
poxvindae have been sequenced recently, including the 
/accinia virus Copenhagen (CPN) strain (Goebel et al 
1990) encompassing 192 kb. the variola (VAR) strain- 
3anglad2sh (Massung era/.. 1994) and India (Shchel- 
cunov era!.. 1993d) encompassing 1S6 kb, and the hu- 
iian tumon,38nic poxvirus molluscum contagiosum viru=; 
V jcevich m St.. 1996) encompassing 190 kb. Sequen- 
malysis or poxvirus g--nomes has increased cur knovW- 
>age o, the svructure and function of poxviral genes and 
^creased our understanding of host-virus interactions 
^° complexity of poxviral genomes and the com- 
' ex viral life cycle, questions concemino immunogenic- 
y. virulence, and host range of poxvirus strains have 
tr!r., ^"s^ered only panially for the respective virus 
PoL- '^^^ therefore of interest to determine the 
fr-^. ^^^^'^^^^ °f highly attenuated vaccinia 
.rain modified vaccinia Ankara (MVA) (Mayr era/.. 1978) 
nich cannot grow in most mammalian cells and which 
a good candidate for 3 recombinant vaccine vector 
■>^^ner ana Moss. 1992: Sutter et ai. 1994). This stram 
J- Deen passaged over 57G times in chicken embryo 



■ -"^-'S.i.arto. E-nail: !alr.r.ef.iioa.:;6r.com. 
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norobiasts. during which six major deletions relpfv- to 
the parental wild-type strain Ankara, accompanied by a 
^f^Ton'if o""''"" -^"Se. have.occurred (fvleyerer 

f\ II' restriction maps have been estab- 

jshed (Meyer er a/., 1991) and two of the deletions have 
been characterized by sequence analysis (Altenburaere? 
a/., 1989; Antoine era/.. 1996). In a first step to elucidate 

MWA^^u^^*'' ^^^'^ ^'9^ "^^^ree of attenuation of 

MVA. the nucleotide sequence of its genomic DNA >A.-as 
determined and the open reading frames w=re -r^r^- 
pared to tne entries of cu.rrent sequence databases.' 

RESULTS 

Basic genome data 

The sequence of the linear, double-stranded DNA 
molecule totals 177.923 bp and the G+C content ic 
exactly corresponding to the G^C content of 
the CPM strain. Translational analysis allowed the 
mapping of 192 ORFs specifying potential proteins 
-65 ammo acids. As in other orthopoxviruses, the ORF 
encoding tne R.NA polymerase subunii rD07 G5 5R 
(MVA083H). ,s 53 amino acds in size (Amecadzie - 
s... 1992!. -^gn: c.-oiicaied OR.^s i65 amino acics that 
are locarec '-r. the repeat regions within tne terrr^inai 
b.5 ko of the inverted terminal repeats fiTRs) wer= no' 
listed in Taoie 1 because rhey presumably do' 
rep-csen; functional genes. Translation of thes« 0==s 
resulted m a family of reiited oroteins A'ith receat 

0042-66£i'96 S25.00 
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TABLE 1 
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Icfl 

001 L/ 

C2iL 



START 
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Features and Homologies of Open Reading Frames of the Vaccinia MVA Strain 
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t putu 

/ homologies' 
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IJLAST 
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35k major sccr. protein 

chcmokinr receptor ifj 
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CPX ORFB 

SFV Tl protein 
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10203 


140 
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CilR 
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140 
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006L 

CJOL 
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007R 



1 I "58 
10778 
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331 
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82 
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9i 


12538 


24 " 
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i34 |J 


120 
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08 


13745 


90 


134 73 
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634 


14186 
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13758 
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634 




4 52 




J 50 




4 39 
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iO.6 



10.7 



14682 
14275 



15183 



135 
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452 
90 



J5.8 



ro.3 



37.9k protein 

VAC 

CPX D6L 

VAR.BSH (I: 03L> 
VAR-I DHL (BSH:DML) 
VAC C4L 
CPXDI6L 

Ectromelia 42K proiein 
FPV BamHI ORFI 

28k virulence factor <n 

CPXD7R 

VAC-WR 21.7k Dfotein 
VAR-i tBSH:D6R') 
Eciruir.ilia 28k .accreted 
virulence factor 

13. :k protein 
VAR-BSH .l:D5L» 
cciromciis I6)c proicin 
CPX DSL 

7.8k protein (VaC-WR) 

77k CPX hr protein (fl) 
CPX host range gene 
VACC9L 

77k CPX hr protein (fZ) 
CPX host range gene 
VAC C9L 

VAR-I (BSH: DSL) 

VAC C18UB24R 

AT ankyrtn repeat protein 

VAR-I B6R (BSH.B5R) 

30 matchej: with ankyrin 

repeat containing proteins 

77k CPX hr protein (fj) 

CPX host range gene 

VAR-I (BSH: DSL) 

77k CPX hr protein (f4) 



6.0C-57 
8-9e-5l 
5.6C.49 
2.56-20 
1.56-14 



seer. TNF 
CPX crmB 
VAR.BSH C2R 
Myxoma viru.*; T2 
Rabbit fibroma Virus T2 
CPXC4L 

'HS TNF receptor protein 
Vac (Ci9UB2SRi 
human CD40L receptor 
30 matches to TNF receptors 
and surface proteins 



5.1e-7l 

I.Oe-66 

4.9e.30 

1.8C-28 

8.7e-l5 

1.9e-08 

0.00026 

0.0015 

<0.39 



4 i;42 
46/49 
4 0/4 2 
23/4 2 
21/42 



76/83 
73/83 
2 1/37 
I 7/36 
30/51 
14/26 
16/19 
( 1/24 



97 
93 
95 
54 
50 
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53 
84 
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ffl > 

VAC C17UB23R 
26.'-) 45k ank.like protein 

(f2» 
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CPX host range 
VAR-I D6L fBSH:D8L) 
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VAC BI8R (WR: BI7R) 
VACC9L 
VAR-I GIR 
orf virus 

VAR-I D7L fBSH;Dl0L) 

15.5 Growth factor (EGF 
receptor binding) 
VAC 

VAR-I fBSH:D4R) 
CPX D5R 

human epiregulin 

'00 matches to growth factor 

like .sequences 



l.3e-39 


62/63 


98 


6.2e-159 


no/ 110 


100 


9.le-3I 


46/49 


93 


I.le-i3 


22/50 


44 


I.7C-1I 


21/50 


42 


I.2C-05 


22/73 


30 


8.6C-05 


22/73 


30 


0.0001 1 


J 1/24 


45 


0.00013 


22/74 


29 


0.0088 


15/49 


30 


0.014 


12/28 


42 



2.9C.S2 
3.6e-74 
3.4e-95 
2.2e.I4 
<0.I0 



I.7e-235 

7.7e-235 

3.6C-233 

I.7C.94 

I. Sc. 92 

2.3e-92 

I.2e-50 

3.0i:.II 



99/104 95 

106/140 75 

101/114 88 

29/78 37 



264/268 98 

264/268 98 

I69/I7I 97 

34/68 44 



30/68 
31/68 
78/S2 
I 3/4 1 



54 
45 
95 
31 



I.5C-51 


4 2/4 7 


89 


5.3e-5l 


4 1/4? 


87 


3.7C-50 


4 1/47 




3.7e-50 


4 1,'^- 





l-9e.83 


57-64 


H9 


7.8C-8I 


;8.'60 


96 


3.2e-67 


49/60 


Bi 


i.3c-34 


53/64 


«2 



2.7C.46 


4 3/52 


82 


l.7e-05 


9/33 


27 


2.2C-9I 


133/142 


93 


9.2C-2I 


26/63 


4 1 


4.5c. 1 3 


27/29 


93 


i.3c-l I 


19/52 


36 


9.5C-07 


23/59 


38 


4.0e.05 


28/1 J 3 


24 


2.7e.05 to 






0.016 






7.6C-80 


54/64 


84 


9.2C-78 


52/64 


81 



•PjicJ tit.. 1990) 
< Graham *•/ <//.. 1997i 
rCoebei ft «//.. 1990) 
(Shchrlkunov r/ a/.. 199^) 
(Hu vt at.. 1994.* 
(Upron ft uf., 1987) 
tCraham et al.. 1997) 

f Upton et at., 1 99 1 a) 
(Hu et at.. 1994) 
(Shchelkunov et a/., 1995j 
(Upton fl at.. J 99 1 a) 
f Upton et at,. 1987) 
(Safronov et al., 1996) 
(Heller er at., 1990) 
{Got be I et at,, 1990) 
(Staroencovic et al„ !989) 



(Goebcl et at.. 1990) 

(Goebet et at.. 1990) 
(Coebcl ei at., 1990) 

(Coebcl et al., 1990) 
(Shchelkunov et at., 1995) 
(Spehncr et at., 1988) 
(Shchelkunov « at., 1995) 
(Shchelkunov et at., 1995) 
(Coebcl et at.. 1990) 
(Kotwal and Moss. l9S8a) 
(Shchelkunov et at., 1995) 
(Sullivan et at.. 1995b) 
(Shchelkunov et at., 1995) 

(Twardzik et at.. 1985) 
(Stroohani et at., 1985) 
(Goebel cr at.. 1990) 
(Shchelkunov et at., 1995) 
(Safronov et at., 1996) 
D307S3 



(Venkatesan et ai.. J 982) 
(Goebel at.. 1990) 
(Safronov et at., 1996) 
(Shchelkunov et at.. I995> 
fShcheJkuncv et -a!., 1995) 
(Goebel et at.. 1990) 
(Safronov at.. 1996) 
iSenkevich et at., 1993ai 
(Tomlcy et at.. 1988) 

'Senkevich et at.. 1993a) 
(Safronov et at.. I996t 
(Kotwal and Mo.is. l9Sf3) 
tSnch-jIkunov et at.. j9v5, 
■Scnkrvich <: ut.. 199331" 



•Shchelkunov et at.. 1995) 
. :Scnkcv(ch ti at., 19933) 
iSifrono^ t'l at., 1996) 
(Kotwal ujid Moss, I9SSa) 

t Spehncr et at., 1988) 
(Safronov et at., 1996) 
(Goebel et at.. 1990) 
(Spehncr et at.. 1988) 
(Safronov et at., 1996) 
(Goebet et at., 1990) 
(Shchelkunov et at., 1995) 
(Goebel et at., 1990) 
(Zhang et at., 1992) 
(Shchelkunov et at. 



1995) 



(Spehncr et at., 1988) 
(Safronov et at.. 1996) 
(Shchelkunov et at., 1995) 
(Spchner et at., 1988) . 



START AA* 
STOP 
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kDa' 



lefC lermtnal region: 



name / (putative) 
function / homologies^ 



BLAST* 
« V P e c I 



BLAST' 
AA Id 



I 1491 I 



HSS* references 



8.5 



16205 
I 5876 



16786 
16496 



35.0 



18859 
18407 



19541 
19068 



20.8 



18.0 



18.2 



20025 
19684 



VAR-I (8SH: DSL) 
CPX host range gene 
VAR-I D7L (BSH: DIOL) 
VACC9L 

C. boiulinum NTNH protein 
Capripox 

UDP glucose dehydrogenase 

orf virus ank-Iike 

rabbit fibroma 77.2k protein 

77k CPX hr protein (fS) 

CP.X host range gene 

VAR (hSH: DSL) 

rabbit Hbroma 77.2k protein 

VAC CJ7L^B23R 

Capri pox 

VAC BI8R fWR: B17R) 
VAR B19R {BSH;B16R) 



2.2e.52 

8,Ic-5l 

2.9e-I7 

l.3e.I3 

0.00019 

0.00058 

0.00051 

0.0064 

0.0072 



5.2e-44 

7.9e-42 

0.0052 

0.018 

0.023 

0.71 

0.71 



80/85 
77/85 
19/4 5 
19/45 
6/12 
15/58 
6/19 
16/4 9 
12/30 



68/69 

64/67 

8/36 

14/3.^ 

10/19 

12/28 

I2/2S 



94 
90 
42 
42 
50 
25 
31 
32 
40 



98 
95 
30 
42 
52 
42 
42 



ank-iike gene {fH 



77,2K 
gene 



13.1 75ii 
VAC 

CPX DHL 
VAR fl; D6.5L) 
CPXDIL 
rabbit fibroma 
I 1.2 75k ank.like 
VAC 
CPXDIIL 
CPXDIL 

VAR-Garcia 1966 BIIL 
iniegrase (simian foamy 
CPX host range gene 
?Sk ank-Iike gene 
VAC 

CPX DHL 

VAR-1 (BSH;D10LJ 
CPX host range gene 
CPX D9L 

VaR-BSH a:D6L) 
VACCnUB23R 
CPX D3L 

VAC BI8R fWR:BI7R) 
Capripox virus 
VAR-I B19R (BSH:B16R) 

20.8k proteia 

VAC 

CPX DI2L 
VAC B7R 

VAC H4L (RAP94) 

host 

VAC 

VAR-BSH a:D8L) 
Swinepox vims ORF SwFSa 
Capripox virus ORF CFSa 
CPX D4L 

Myxoma virus ORF MF8 
VAR-BSH D3L (I:DL5L) 



protein 
(f2) 



V.) 

(f3> 



range protein 



3.9e-73 
1.6e.70 
I.2e-52 
3.7e-I9 
0.021 

4.0e.53 

3.9C-25 

9.66-12 

0.0001 

0.033 

0.043 

3.4C-208 

I.4e-I30 

8.4e-68 

4.5e.l7 

2.2e-I6 

3.3C-16 

2-9C-08 

0.0085 

0.012 

0.084 

0.090 



I-2C-I25 
5.0e-n8 
8.3e.06 
0.60 



].6e-I06 

4.2e-106 

3.4C-35 

I.4e.3l 

3.5t-I7 

5.6e.I3 

5.4C-06 



109/109 


100 


105/108 


97 


78/91 


85 


28/67 


41 


5/16 


31 


80/80 


100 


48/80 


60 


14/36 


38 


17/17 


100 


10/24 


4 I 


9/17 


52 


291/294 


98 


90/126 


71 



84/109 


77 


24/61 


39 


23/61 


37 


21/61 


34 


1 1/24 


45 


13/58 


22 


13/40 


32 


1 1/29 


37 


13/40 


32 


125/129 


96 


I 19/126 


94 


16/67 


23 


12/4 5 


26 


150/150 


too 


149/150 


99 



31/82 
29/87 
19/60 
16/4 3 
18/60 



37 
33 
31 
37 
30 



PIL 



02IL 



18. 21c protein 

VAC 

VAR (BSH: DI2L) 
CPX D14L 

Capripox virus ORF T3a 
Rabbit fibroma virus T3Aa 
VACCI6UB22R 
VAR C4R 
VAC-WR K7R 

I4k virulence factor, 
secreted protein (f) 

CPX PIL 

VAR-BSH. virokine 
Rabbit fibroma virus 



7.6c- 1 04 

1.6e-99 

I.3e-96 

4.4e.07 

0.0047 

0.2 

0.29 

0.4O 



151/151 100 

145/150 96 

14 1/150 94 

24/76 31 



16/46 
12/46 
8/13 
8/13 



34 
26 
61 
61 



2.6C-60 


92/102 


90 


7.3C-58 


85/102 


83 


6.6e-56 


88/102 


86 


0.OI5 


10/17 


58 



alpha. amani tin 
protein 

CPX P2L 

VAC 

VAR 



sensitive 



.VOc.l 18 
6.le-l If; 
y 7r. I I 5 



138/142 97 
137/142 96 
135/14 2 95 



hu.st 



CIL 



VAC 
CPX MIL 
V AR 

numan N(*;TCH 2 



■ange gene ff) 



t.Ke-56 


86/8 H 


97 


: 3e-56 


86/88 


•J? 


:.Oe-.iy 


63/66 


V5 


0.00036 


17/4 I 


^ 1 



(Shchelkunov et ai., 1995) 
(Spehner al.. I98S) 
(Shchelkunov « a/., 1995) 
(Goebel er o/.. 1990) 
(Huison at., 1996) 
fCao ct ai.. 1995) 
(Bull et at.. 1996) 
(Sullivan at, 1995b) 
(Massung et aK,'l992) 

(Spehncr <*/ at., I9S8) 
(Safronov ft at.. 1996) 
(Shchelkunov <r; a/.. 1995) 
{Mas.<iung r: aJ.. 1992) 
(Coenel et at.. 1990) 
(Sullivan r; aL. 19955', 
(GoencI et at.. 1990) 
(Shchelkunov e: at., 1995) 

iKoiuai and Moss. 1988a I 
fCoebel et at., 1990) 
(Safronov et at., 1996) 
(Shchelkunov et a!.. 1995) 
fSafronov et at.. 1996) 
fMas.sung et at.. 1992) 
(Kotwal and Moss. 1988a) 
(Goebel et at.. 1990) 
(Safronov at., 1996) 
(Safronov et at., 1996) 
(Massung rt at.. 1996) 
(Schweizer and Neumann. 1995) 
(Spehncr er at., 1988) 
(Kotwai and Moss, l9S8a) 
(Goebel er o/.. 1990) 
(Safronov et aU 1996) 
(Shchelkunov et at., 1995) 
(Spehncr et at., 198S) 
(Safronov et at., 1996). 
(Shchelkunov ej a!.. 1995) 
(Goebel et at., 1990) 
(Safronov et at,, 1996) 
(Goebel et at., 1990) 
(Sullivan et at., 1995b) 
(Shchelkunov et a!,, 1995) 

(Koiwal and Moss. 1988a) 
(Goebel et at., 1990) 
(Safronov et at., 1996) 
(Goebel et at., 1990) 
(Goebel « a/.. 1990) 

(Perkus et at., 1991) 
(KotwaJ and Moss. 1988a) 
(Shchelkunov ei at., 1995) 
(Schnitzlein and Tripathy. 1991) 
(Cershon and Black. i989a) 
(Safronov et at., 1996) 
(Jackson and Bulii, 1992) 
(Shchelkunov er at., 1995) 

CKoiwal and Moss. 1988a) 
(Goebel et at.. 1990) 
(Shchellcunov er at., 1995) 
(Safronov et at.. 1 996) 
(Gershon and Black, 1989a) 
(Upton et at., 1987) 
(Goebel er at., 1990) 
(Shchelkunov et at., 1995) 
(Kotwal and' Moss, 1988a) 

(Kotwal and Moss. 1988a) 
(Koiual and Moss. 1988b) 
(Goebel et at., 1990) 
(Shchelkunov <./ at., 1995) 
(Safronov et at.. 1996) 
(MasFung et at.. 1992/ 

(Tamtn et at.. !99I j 
(Kojual and Mo.«. 198Sa) 
(Safronov er at.. 1996) 
(Gov be! ei a!.. 1990) 
fShchflkunov ct ^t.. 1995) 

(Cillard ai., i9J96t 
< Ahentjorgcr <•/ . 1989) 
'Safronov rt at.. 1996) 
fShchclkuno^ et at.. 1995) 
tKaticam.c rt at.. :996) 
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ANTOINE cT AL 



ORF- 



TABLE ^—Contfnued 



left 



START 
STOP 
icrminal 



AA' k Da- 



name / 
function 



023L 

K21 
C2L 



rt'gi<i 



t putative j 

/ homologies^ 



BLAST*" 
expect 



BLAST' 
A A id 



HSS' reTcrcnce}; 

( r, i 



22296 
21 1E7 



369 42. .1 

373 
373 
373 
386 



X 



X 



024L 



K3L 
C3L 



025L 
K4L 



22612 
22346 



10.5 



23938 
22664 



MC02IL 
C17L 



58 
369 
397 
397 

320 
417 
383 

390 



88 

68 
88 
88 
86 



424 48.9 

424 

424 

437 

372 

5!6 

2327 

635 

377 

371 

378 

388 

372 

372 



24478 
23966 



170 

276 
277 
136 
134 
313 
323 

324 



24694 64 
24500 

8] 
276 
277 
3!3 
323 



19. ] 



7.0 



SriO, cell-cell 
mutation 



530 



serpin 
fusion 
VAC 

CPX M2L 
VAR-BSH 

Eciromelia virus HM-B 
HS plasminogen activator 
inhibitor i 
CPX SPI 3 protein 
Myxoma viru,"t MAPI gene 
mouse protease ncxin 
humane gtia derived ncurite- 
promoting factor 
Swinepox SPI like protein 
a- 1 antitrypsin, human 
Corticosteroid-bindtng 
protein (rabbit) 
squamous cell carcinoma 
antigen 

IFN resfstance, eIF-2a 
h 0 mol o g 

CPX M3L 

VAC 

VAR-I 

SPV C8 protein 

translation iniiiaiion factor 2 
family 

phospbollpase D-ltke 
protein 

VAC 

CPXM4L 
human HU-K4 
D. discoideum 
C. elegans 
C. elegans 
C. elegans 

FPV major envelope protein 
Myxoma virus cnv protein 
Orf virus env protein B2L 
MCV subtype i cnv protein 
VAR-BSH 
VAC F13L 

lysophospho[ip«se-llke 
protein (fl) 
CPX M5L 

Ectromelia virus H14-E 
VAC 

VAC-WR 

HS tysophospholipase 
h omol og 

poss. oxidoreductase M. 
tuberculosum 
Lysophospholipase isoiog 
A. thaliana 
H. influenza probable 
lysophospholipase L2 
lysophospholipase-like 
protein (f2) 
VAC 

CPXM5L 

Ectromelia virus HU-E 
HS lyophospholtpasc homolog 
hyp. oxidoreductase M, 
tuberculosis 

dihydroiestosisfonc/androsta 
ncdiol UDP-glucuronosvI- 
iransfcrasc 



1.2C-25S 365/369 98 

1.2C-256 331/337 

9.9C-249 321/357 95 

6.56-244 3 12/337 

l.lc-35 30/68 44 

8.2e-33 57/58 98 

7.3e-32 33/131 25 

K5e.29 31/67 A6 

Z.lt.-n 30/65 46 



3.6C-21 20/70 

2.2C-20 26/66 
9,0e-20 

1. 9c- 17 



2.6e -61 

I.4e.60 

J.Oc-52 

4.le-22 

I.2e-08/ 

0.45 



88/88 
87/88 
73/88 
20/44 



28 
39 



100 
98 
82 
45 



1.5e-306 


423/424 


99 


2.1e-303 


416/424 


98 


2.8e-135 


53/95 


55 


2.5e-9l 


28/47 


59 


6.6e.89 


31/61 


50 


2.8C-52 


36/60 


60 


Me-24 


19/53 


35 


2.9C-23 


19/61 


31 


3.6C-22 


18/51 


35 


1.2C-21 


21/71 


29 


3.2e-2l 


20/63 


31 


4.6e-19 


15/52 


28 


4.9e-17 


15/52 


28 


2.6C-1I0 


161/170 


94 


2.7e-109 


160/170 


94 


5.5e-69 


107/108 


99 


S.3e-63 


9S/101 


97 


3.3e-35 


35/105 


33 


I.2e.i3 


30/94 


31 


3.Ie-5 


13/58 


22 


0.047 


13/30 


43 









(Upton Si 


5.3C-42 


63/63 


100 


tBoursnell 


2.46-36 


57/58 


98 


f'Safronov 


2.4e-36 


57/58 


98 


U 67 964 


9.1C-23 


34/53 


64 


U6796? 


9.9c-i4 


22/54 


40 


Z97050 


7.0c -05 


6/17 


35 


A4S633 



tBoursncll at., 1988| 
{Alicnburger cr aL, 1989; 
(Gocbcl €t aL. 1990)1 
(Safronov et al., 1996) 
(Shchelkunov et a! I99^> 
U67964 

fLoskuloff et aL, 1987j 

gt: I 168082 

(Upton er a/.. 1990a) 

(Vassalli et aU 1993) 

A039II 

(Massung et aL, 1993) 
(Cilibcrto et aL, 1985) 
(Seraiini et aL, 1989) 

(Schneider et aL, 1995) 



(Beattic et aL^ 199!) 
(Davics et aL, J 992) 
(Safronov ei aL, 1996) 
(Goebcl et aL, 1990) 
(Shchelkunov et a!., 1995) 
(Massung et aL, 1993) 



(Cao et aL, 1997} 

(Goebel et at,, 1990) 
(Safronov et aL, 1996) 
U60644 

(Giorda et aL, 1989) 
gi: 2435624 
gi: 229 1 24 1 
(Wilson et aL, 1994) 
(Calvert et aL, 1992) 
U43549 

(SuIHvan et aL, 1994) 
(Senkevich ct aL, 1997) 
(Shchelkunov et aL, 1995) 
(Goebcl et at.. 1990) 

(Upton & Buller. unpub.) 

rSafronov et aL, 1996) 

X94355 U67964 

f Goebcl ex aL, 1990) 

(Boursncll et aL, 1988) 

U67963 

Z97050 

U95973 

U32747 



i9S8) 



central 


conserved 


02aR 


24864 


149 


K7R 


25313 


149 






I6t 


C4R 




149 






236 


029L 


26046 


222 


Fit 


25378 


226 






238 


C5L 




251 


030L 


26501 


147 




26058 




F2L 




147 






147 


C6L 




147 






164 



region 



17.5 17.5k protein 
VAC 

CPX M6R 
VAR 

Swinepox (sc76) 

25.9 25.9k protein 
VAC 
CPX GIL 
VAR-I 

16.2 dUTPase 

VAC 
CPX G2L 
VAR 

human dUTPasc 



6.U-105 149/149 too 

I.6e-I01 144/149 96 

4.9e-I01 143/149 100 

0.00017 19/49 95 



2.7e-I58 208/211 98 
7.0C-I48 166/189 87 
6.6e-l47 184/200 92 



2.9e-102 147/147 100 

8.2e.I00 !44/M7 97 

l.le-97 142/147 96 

4.IC-6I 49/69 71 



! Goebcl et aL, 1990) 
(Goebel et aL, 1990) 
(Safronov et aL, 1996) 
(Shchelkunov et aL. 1995) 
(Massung et aL. 1993) 

(Roscman and Slabaugh. 1990) 
(Goebcl et aL, 1990) 
(Safronov et aL, 1996) 
(Shchelkunov et aL. 1995) 

(Roseman and Slabaugh. 1990) 
(Roscman et aL, 1996) 
(Goebel et aL, 1990) 
(Safronov et aL, 1996) 
(Shchelkunov et aL. 1995) 
(Ladncr et aL. 1996) 



GENOMIC SEQUENCE OF THE MVA STRAIN 
TABLE —Cont/nued 



369 



ORF* 
Icfl Icrmina 



START AA^ 
STOP 



kDa' 



name / 
funciion 



region; 
142 
159 
178 
1124 



(putative) 

/ homologies' 



BLAST' 
expect 



BLAST* 
AA id 



HSS' 



references 



Swinepox virus 

Off virus 

avian adenovirus 

FIV* poi polyprotein 

dUTPase pyrophosphatase 

family 



8.0C-S6 
1.5C.49 
6.6e-4 9 
l.5e-26 
>4.2e.06 



4 3/70 61 

45/69 65 

40/70 57 

49/117 41 



F3L 
C7L 



27955 
26525 



476 55.3 kelch-dke protein 



1 



032L 



F4L 
C8L 



28925 
27966 



480 
485 
179 
500 
564 
689 
512 
512 
625 
624 
fil7 
611 
530 
589 
52! 
509 
202 

326 
559 
916 
172 



319 37,0 

319 
319 
333 



033L 


29250 


97 




28957 




C9L 




348 






323 


FSL 




321 






1584 


034L 


29875 


218 




29219 








323 


FSL 




321 


C9L 




348 


03SL 


30129 


74 


F6L 


29905 


74 


CIOL 




72 


03«L 


30387 


80 


CIIL 


30145 


79 


F7L 




92 


037L 


30731 


65 


FSL 


30534 


65 


CI2L 




65 


038L 


31429 


212 


F9L 


30791 


212 


CI3L 




212 






215 


MC016L 




213 






225 






243 






243 






250 






250 


039L 


32735 


'J3S 




31416 




FiOL 




4 39 


CI4L 




439 






440 


MC0I7L 




•5 43 






J9t 


040L 


^30 12 


S4 


CI5L 


'2758 




FilL 




3 54 
( '>•> 


041 L 


13771 



1 1.1 



8.6 



9.4 



7.9 



23.8 



52.1 



VAC 

CPXG3L 

VAR-I 

Swinepox virus protein Cl3 
VAC A55R 

kelch protein O.rneUnoeaster 

CPXD(8L 

VACC2L 

T27E9,4 C. elegans 

human KIAA0I32 protein 

R09A8.3 (C. clcgansl 

C47D12.7 (C. elegans) 

Swinepox virus 

MM" aciin btndine protein 

CPXOL 

Myxoma virus MT-9 
Murine lAP-promoied 
placenta (MIPP) expressed 
proiein 

A. thaliana hyp. protein 
Ectromclia virus p65 
B-scruin (L. polyphcmus) 
VAR.I J8R (BSH: J6R) 

ribonucleotide reductase 
(small subunlc) 
CPXC4L 
VAC 

VAR-BSH 

ribonucleotide reductase 
family 

3ti.5k major membrane 
protein precursor (fl) 
VAR-BSH 
CPXG5L 
VAC 

non-receptor tyrosin kinase 
(Dictyostelium discoideum) 
36.5k major membrane 
protein precursor (f2) 
CPXG5L 
VAC 

VAR-BSH 



0.0 


292/294 


99 


0.0 


287/293 


97 


1.9e-124 


166/179 


92 


4.4e-46 


39/133 


29 


2.8e-21 


17/5 1 


3? 


5.3C.JS 


2! '65 


52 


l-4e-I6 


1 5 •3 3 


•15 


l.6e- !6 


!5/33 




3.7e-14 


15/59 


25 


1.9e-13 


13/60 


2! 


l.le-I2 


17/4 5 




2,4e.i2 


22/91 


24 


3.0C-09 


14/58 


24 


L9e-09 


18/88 


20 


1.2C-08 


15/37 


40 


2.5e-08 


17/58 


29 


4.3e-08 


17/56 


30 


3.9e-06 


22/80 


27 


9.0e-6 


12/31 


38 


0.00016 


13/4 2 


30 


0.0 IS 


15/36 


41 



2.3€-23l 
3.5e-23! 
4.1e.228 
>2.2c-I0 



I,9c-36 
2.4e-I9 
3.3e-I9 
0.00038 



317/319 
317/319 
313/319 



99 
99 
98 



51/53 
47/77 
4 2/70 
15/35 



96 
61 
60 
42 



8.6k 
VAC 
VAR 

9.4k 
VAR 
VAC 

7.9k 
VAC 
VAR.I 



protein 



protein 



protein 



23.8k protein 

VAC 

VAR 

Swinepox virus 

MCV subtype I 

Orf virus 

FPV protein PP2 

MCV subivpc 1 MC069R 

VACLIR 

VAR M!R 



€.2c.l55 


215/217 


99 


6-4e.i55 


215/217 


99 


6.8C-I4I 


186/210 


88 


5.5e-47 


74/74 


100 


2.3C-38 


62/70 


88 


2,9e-44 


34/43 


79 


I.9e-43 


65/65 


100 


5.IC-43 


63/65 


96 


3.1C-41 


61/65 


93 


7.1e.l48 


212/212 


100 


1.2C-144 


207/212 


97 


8.1C-72 


39/93 


41 


2.8e-62 


71/152 


46 


5.Ie-39 


27/84 


32 


2.8C-17 


26/58 


44 


7.7e-12 


23/58 


39 


I.le-07 


20/58 


34 


l.ic-OT 


20/58 


34 



seri nc/t hreooi Qc 

kinase 2 

VAC 

VAR-BSH 
Swinepox virus 
MCV subtype 1 
Off virus 



protein 



39.7k 
VAR 
VAC 

39.7k protein 



protein I) 



(f2» 



0.0 




429/439 


97 


0-0 




424M39 


96 


2.2e 


-233 


1 5 ;/2i4 


70 


2.3c 


198 


i 78/282 


63 


2.2c 


•162 


108/366 


54 


D.6c 


27 


50/64 


78 


9.1c 


27 


50/64 


78 



fMas.^ung ei al., 1993) 
(Mercer a at.. 1989) 
(Akopian €t al„ 1992) 
(Talbott €t at.. 1989) 



(Senkevich et at., 1993b) 
(Roscman and Stabaugh 1990) 
(Gocbel er al.. 1990) 
(Safronov ei at., 1996) 
(Shchelkunov et at.. 1995) 
fMa.«ung tf/ at.. 1993) 
tCoebel et al.. 1990) 
/Xue and Coolcy, 1993) 
J Safronov tf/ at'.. 19961 
<GoebtI <•/ al.. 1990) 
ZE2059 



D50922 o k 
'Wiison <rr at., 
f Wilson ef at.. 



!994) 
1994) 



(Massung e: at.. 1993) 
U65079 

(Safronov al., 1996) 
Upton rr al.. 1990a) 
vChang-Veh et a!.. 1991) 



299708 

(Senkevich ei at., 
(Way et at.. 1 995) 
(Shchelkunov €t a/,. 



1993b) 
1995) 



(Slabaugh €i at., 1988) 
(Roseman and Slabaugh. J990) 
(Safronov ei a!., 1996) 
(Gocbcl et at., 1990) 
(Shchelkunov et at., 1995) 



(Roseman and Slabaugh. 1990) 

(Shchelkunov et at., J 995) 
(Safronov et at., 1996) 
(Coebcl et at., 1990) 
CTan and Spudich. 1990) 

(Roseman and Slabaugh. 1990) 

(Safronov et at., 1996) 
(Gocbel er at,, 1990) 
(Shchelkunov et at., 1995) 

(Roseman and Slabaugh, 1990) 
(Gocbel er at., 1990) 
(Shchelkunov et at., 1995) 

(Roseman and Slabaugh. 1990) 
(Shchelkunov ei at., 1995) 
(Gocbel et at., 1990) 

(Roseman and Slabaugh. 1990) 
(Gocbel et at., 1990). 
(Shchelkunov et at.. 1995) 

(Roseman and Slabaugh, 1990) 
(Coebcl et at., 1990). 
(Shchelkunov et at., 1995) 
(Massung et at., 1993) 
(Senkevich et at., 1996) 
(Mercer et at,, 1995) 
(Binns er al.. 1988) 
(Senkevich et al., 1996) 
(Gocbcl et at.. 1990), 
tShchelkunov ei u/, 1995) 

fLin and Broylcs. 1994) 
(Wans and Shumar. 1995) 
(Gocbcl r: at.. 1990*. 
{Shchelkunov et ai.. 1995) 
(Massung et at.. 1993) 
'StnVevich et cl.. 1996) 
: Mercer et al.. 1995 1 



'Shchctlcunov et at.. 1995) 
rCoebel rt al., 1990) 
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ANTO!N£ 5T AL. 
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X 



START 
STO|> 



TABLE 1 — .Conrinuecf 



itU icrniinal 



namt- / 
function 



FJIL 
CI5L 



33469 



• putative t 



It LAST ' 
g y n c 1 1 



llI.Ai:T' 
A A id 



HSS refcrcnrcs 



042L 35721 

Fi2L 

C16L 

MC019L 



043L 



FJ3L 
C17L 



36866 
35748 



354 
354 

63 5 
635 
635 
352 
663 
640 
630 

372 



VAC 

VaR 



73. 1 



protein 



MC02IL 



372 
372 
371 
378 
388 
377 
251 
424 
424 
372 
437 



044L 


37105 


73 


F}4L 


36884 


73 


CI8L 




73 


045L 


378533 


158 


Fl$L 


37377 


158 


C19L 




161 


MC025L 




148 






148 


046L 


38555 


231 


F16L 


37860 


231 


C20L 




231 






209 


MC029L 




230 


047R 


38619 


101 




38924 




F17R 




101 


C2iR 




101 






102 


MC030R 




92 



8.3 



048L 

EIL 
EIL 

MC03IL 



40360 
38921 



42570 
£2L 40357 
E2L 

MC032L 



85.9 



43269 
4 2697 



44 103 
43324 



050L 

E3L 
E3L 



051L 
E4L 

MC034L 



052R 44180 
£SR 45175 
E5R 



MC038R 
053R 45312 



737 
737 
737 
748 

190 

190 
192 
I 175 
1226 
551 



259 29.8 

259 

259 

444 

39 

243 



73-lk 
VAC 

varw 

Myxoma viruj; 
MCV subtype I 
orf virus 
FPV FI2 homolog 

37k major EEV >n(igcn 
IMCBH sensitive protein 
p a I m { t y I p r o t c i n 

VAC 

VAR-BSH 

Myxom* virus 

Off virus 

MCV subtype I 

FPV major cnv proiciii 

pigconpox virus 

CPX M4L 

VAC K4L 

D. discoideum 

HU-K4 (homo sapiens) 



8.3k 

vac 

VAR 



protein 



18.6 



26.5 



11.3 



46 

479 55.6 

479 
479 
470 



28.6k protein 

VAC 
VAR 

MCV subtype 1 
Myxoma virus 

26.5k protein 

VAC 

VAR 

Myxoma virus 
MCV subtype 1 

Ilk DNA binding 
phosphoprotef n 

VAC 
VAR 
MYX 

MCV subtype I 
orf virus 

polv(A) polymerase 
catalytic subunil 

VAC 
VAR-I 

MCV subtype I 



331 
331 
341 
332 
329 
319 
256 
276 



39.1 



protein 



39. Ik 
VAC 
VAR 
Taierapox 
Camelpox 
Cow pox 
Ectromelia 
MCV subtype I 



567 66.7 66.7k 



3.8e.62 
S.8e-58 



0.0 
0.0 

3.6e-84 
4.0e-60 
4.8e-39 
2.3C-15 



2.1e.268 

8.9C-265 

2.5c.n5 

7.6e-108 

6.IC.98 

2.8e-88 

L8C-62 

2.1e.l8 

I.7e.l7 

I-4C.16 

I.5C-II 



90/95 



629/635 

607/635 

28/66 

29/82 

19/61 

19/67 



100 
94 



99 
95 
42 
35 
31 
28 



369/372 99 
364/372 97 
110/200 55 
83/194 
44/11 3 
47/112 
47/11 2 
16/52 
14/35 
28/84 
25/94 



42 
38 
41 
41 
30 
40 
33 
26 



2.3e.44 
2.IC05 



2.3c-n2 
1.4e.l07 
3.5C-54 
5.4e-50 



72/73 
57/73 



98 
78 



3.3c- 159 
5.6e-l57 
8.3C-48 
6.9e-45 



3.0e-69 
<>-7c.67 
6.6C-26 
1.5fi.20 
1.3e-06 



0.0 
0.0 

1.5C-177 



J57/158 99 

150/153 98 

52/113 46 

48/112 42 

227/231 98 

222/231 96 

26/58 44 

16/61 26 



i 00/1 01 
99/101 
4 5/92 
33/53 
16/29 



99 
98 
98 
48 
62 



478/479 99 
472/479 98 
114/173 65 



85.9k protein 

VAC 

VAR-l 

MCV subtype 1 

dsR.NA dependent PK 
tohlbftor, host ranee 

Vac 

VAR-BSM 

dsRNA specific AD.A irai) 
dsRNA specific ADA (human) 
human protein kinase p68 
INF inducible kinase family 

RNA polymerase sobunlt 

rpo30» VITF-1 

VAC 

VAR-BSH 
MCV subtype 1 
orf virus 

African swine fever virus 
TFJIS family 



0.0 
0.0 

it-3e-l27 



I.4e-!29 
8 6c- 1 26 
7.2e.I2 
2.Se-09 
3.3e-05 
s^T 00099 



1.6c- 182 

3.2e-180 

I.2e-84 

6.7c. 10 

0.00034 

<0,0096 



735/737 99 
731/737 99 
59/198 29 



188/190 
in / 1 ; 4 
22/47 
21/47 
22/42 



98 
97 
46 
44 
52 



cOochct ft si,. 1990). 
(Shchctkunov et at., 1995) 



258/259 99 
255/259 98 
107/171 62 
21/39 
17/36 



53 
47 



1990). 

1995) 



1996) 



I.2C.235 
3.1e.223 
7.1e-225 
I.4C-221 
l.5e-202 
3.8c. 153 
8.3C-109 



329/331 
312/331 
300/314 
206/220 
271/303 
218/245 
94/152 



99 
94 
95 
93 
89 
88 
61 



fCoebel er al. 
fShchelkunov 
U43549 

(Scnkevich « ai. 
U34774 
(Ogawa et al., 1993) 

(Hin et at., 1986) 
(Schmuu et at., 199 1) 
(Croscnbach et at., 1997) 
(Cocbcl et at., 1990) 
(Shchelkunov et at I99^\ 
U43549 ^ 
(Sullivan et at., 1994) 
(Scnkevich et at., 1996) 
(Calven et at., 1992) 
S27933 

(Safronov « at., 1996) 
(Goebet et at., 1990) 
(Ciorda et at.. 1989) 
U60644 



(Coebel et at., 1990) 
(Shchelkunov gt at.. 



1995) 



protein 



(Gocbel et at., 1990), 
(Shchelkunov et at* 1995) 
(Scnkevich et at., 1*9961 
U43549 ^ 



(Goebel er at., 1990). 
(Shchelkunov et at I99s> 
U43549 * ' 

(Scnkevich et at.. 1996) 

(Bcriholet et at., 1985) 
(Kao and Bauer. 1987) 
(Goebel et ai., 1990) 
(Shchelkunov et at 199^1 
U43549 " ^ 

(Scnkevich et at., 1997) 
(Mercer et at., 1995) 

(Gershon et at., 1991) 

(Coebel et at., 1990), 
(Shchelkunov et at., 1995) 
(Scnkevich et at.. 1997) 

(Ahn et at.. 1990a) 
(Goebel et at., 1990). 
(Shchelkunov et af^ 1995) 
(Scnkevich et at.. 1997) 

(Chang et at.. 1992) 
tChang et at.. 1995b> 
(Coebel et at.. 1990). 
(Shchelkunov et at., 1995) 
(O'Connell er at.. 1995) 
(Kim et at., 1994) 
(Meurs et at.. 1990) 



(Ahn et at.. 1990a) 
(Broylcs and Pennington. I990> 
(Cocbcl et at.. 1990) 
(Shchelkunov et at,, 1995) 
(Scnkevich et at.. 1996) 
(Mercer et at.. 1995) 
(Vydclingum « at., 1993) 

{Goebel er at., 1990) 
(Goebel er at.. 1990) 
(Shchelkunov et at.. 1995) 
(Douglas and Dumbcll. 1996) 
(Douglas and Dumbcll. 1996) 
(Douglas and Dumbcll. 1996) 
(Douglas and Dumbcll. 1996) 
(Scnkevich et at., 1997) 



(Cocbcl et at.. 1990) 
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ORF' 



START AA" 
STOP 



IcTC lerminat region: 



kDa* name / (putative) 

funcHon / homologies^ 



BLAST" 
expect 



BLAST* 
A A Id 



HSS' 
( % ) 



references 



X 



E6R 

MC037R 


567 
565 




054 R 


47082 


166 


19.5 


E7R 


47582 


166 




E7R 




60 




055R 


47695 


273 


31.9 


ESH 


48216 


273 




ESR 




273 




MCO?.SR 


276 




0 56 L 


5! 54 3 


1006 


1 16.9 


E91 


4S523 


1006 




E9L 




1005 








t008 








988 




MC039L 




1004 








964 




057R 


5 1575 


95 


10.9 


El OR 


5 ) 862 


95 




ElOR 




95 




MC040R 




101 




0S8L 


52246 


129 


14.9 


EJIL 


5 1857 


129 




EilL 




129 




MC041L 




132 




059L 


52691 


152 


17.6 


OIL 


52233 


666 





VAR 

MCV subtype I 



myristylproteio 



I7k 

VAC 

VAR.) (BSH: E6.5Rt 



31.9k protein 

VAC 

VAR 

MCV- Kubiype ) 
DNA polvmerase 

VAC 

VAR BSK 
Off viru? 
FPV 

MCV subiype j 

C. bisnnif poxvirus 

DNA polymeraisc fair.il> 

10. 9k protein 

VAC 

VAR 

MCV subiypc I 

14. 9k protein 

VAC 

VAR 

MCV subtype 1 



QIL 
MC043L 



060L 

OIL 
QIL 

MC042L 



protein (f I ) 



54 i 89 
52972 



061L 

OIL 
Q2L 



54555 
54229 



062L 

IIL 
KIL 
MC044L 



55639 
54701 



666 
7S3 



405 
666 
666 
783 

108 

108 
108 
106 



312 
312 
312 
310 
!45l 



0 6 3L 55867 73 
i2t 55646 73 

K2L 73 
MC045L 72 
fl87 



77.6k 
VAC 
VAR-BSH 
MCV subtype 1 

leu zipper, bipartite nuclear 
targeting sequence 
47.4 77.6k protein (f2i 
VAC 
VaR-I 

MCV jtubiype I 

12.4 glotaredoxia 1 

VAC 
VAR 

human glutaredoxin 
gluiaredoxtn family 

35.9 35.9k protein 
VAC 

VAR-BSH 
MCV subtype I 
transcripiion initiation 
protein (S. cercvisiael 

8.5 8.5k proteio 
VAC 
VAR 

MCV subtype I 
hypothetical yeast protein 



064L 56677 
55868 

'i3L 269 
K3L 

MC046L 288 
209 



06SL 



I4L 
K4L 



066L 

i5L 
K51, 

MC{M7L 



067 L 



59075 
56760 



59342 
50*!(tii 



tt0509 
^9 . '-6 I 



69 30,0 DNA binding phospho- 
protein (F4L interacting) 
VAC 
VAR 

MCV subtype 1 
FPV 13 protein 

771 87.8 ribonucleotide reductase 

(large subunit) 
771 VAC 
^-^l VAR 

iihonucleondc red family 

"9 ti.H «.8k protein 

79 VAC 

■?9 \'AR 

*j2 MCV .<ufiiyp< ! 

F?V 9. ifc* protein 
■^21 formate dtp n:irit riouctase 

protein 'H. influenzae. 

pemeasc ib suhiiiio 

3k: 41 5 4.V5k protein 

3S: VAC 

'K: VAR 

406 MCV .suMvpc I 



o.o 

7.2e.247 



9.76-116 166/166 
2.7C-36 53/60 



4.5e-I95 272/273 
9.9e-l92 266/273 
8.3e-I09 94/152 



0.0 
0.0 
O.O 
0.0 
0.0 

2.6e-77 
>6.0e-06 



I.2C.65 
3. lc-64 
5-2e-44 



3.3C-89 
4. 2c. 87 
1-8C-30 



555/567 97 (Shchelkunov « u/.. 1995) 
258/45 1 57 (Senkcvich ei rtl.. 1997) 

(Martin rr at.. 1997) 
100 (Coebei rt at., 1990) 
88 <Shchellcunov ei a!.. 1995) 

(Earl et at., 1986) 
99 (Goebel et at.. 1990) 
99 fShchelkunov ei a/.. I993aJ, 
97 fSenkcvich n at., }997j 



tEarl ri at . !986) 

iGoehel (990). 

• .Shchtflkunov ti «/.. I995i 

; Mercer rt at.. !996> 

(Binnx cr a.'.. 1987) 

f Senkcvich rr a!., 1997* 

iMu.itafa and Yuen. 1991; 



ioo5/:o 

06 ■ 
.* 98/60 8 
l99.-3gS 
179/294 
175/297 
28/8 2 



93/95 
90/95 
58/95 



99 
v8 
* t 

60 
58 
34 



9- 

100 

94 



129/129 100 
125/129 96 
31/96 32 



6.9e-10l I5I/I52 99 
3.4e-92 137/152 90 
I.5e.22 39/105 37 



5.8e.277 
I.7C-269 
2.7C-5I 



399/400 99 
383/400 95 
38/104 36 



2.0C-74 108/108 too 

4.9C-72 104/108 96 

3.2C-31 49/106 46 
>9.0e-05 



4.7c. 208 310/312 99 

4.8C-205 305/312 97 

3.8c- no 163/307 53 

0.029 10/28 35 



5.5C-50 


73/73 


100 


5-5C-50 


73/73 


100 


3.5e-J8 


20/33 


60 


8.1e-05 


9/24 


37 


2.Ie-I73 


267/269 


99 


2.5e-172 


265/269 


98 


9,6c-66 


61/149 


40 


8.4e-35 


23/66 


34 


0.0 


771/771 


100 


0.0 


76 1/77 1 


98 


>1.8e.05 






t>.3e-J9 


79/79 


lt)0 


i.2e"i7 


7 6,'7V 




2.6c.i7 


27/73 


36 


i.4e-i: 


t3/3X 




0.00022 


7/18 




0.00031 


! 2 ■ -1 3 




8.6e.:6H 


.'S2/.^jj: 


Hie 


3.le-:67 


.^Ko/-»8: 


99 


: Ie.90 


-JJ/I !9 


.^6 



(Cos be I <-/ a/.. 1990t 
(Goebel er at.. 1990! 
•'Shchelkunov e: at., 1993a) 
(Senkcvich r: at,. (997) 

(Cocbcl et at., 1990) 
(Goebel et a/.. 1990) 
(Shchelkunov et al.. 1995) 
(Senkcvich et ai.. 1997) 

(Goebel et ai.. 1990) 
(Goebel er at.. !990). 
(Shchelkunov ei at.. 1995) 
(Scnkevlch c; at., 1997) 
(Goebel et al,, 1990) 

(Goebel ei at., 1990) * 
(Goebel et at.. 1 990) 
(Shchelkunov et at.. 1995) 
(Senkcvich et a*.. 19*97) 

(Ahn and Mos.«i. I992a> 
(Johnson et at.. I99I) 
(Goebel et a!.. 1990) 
(Shchelkunov et al., 1995) 
(Fernando et al.. 1994) 



(Schmiit and Stonnenberg. 1988) 
rGoebel et at., 1990) 
(Shchelkunov rr at.. I995> 
(Senkcvich a a!.. 1996) 
(Hansen et at.. 1996) 



(Schmiil and Siunncnberg, 1988) 
(Goebel ei a/.. 1990) 
(Shchelkunov et at.. 1995) 
(Senkcvich et at.. 1996) 
S48422 

(Schmitt and Stunnenberg. 1988) 
(Davis and Mathews. 1993) 
(Goebel et al.. 1990) 
(Shchelkunov et at.. 1995) 
(Senkcvich et at., 1996) 
A48.563 

(Schmitt and Siunncnberg. 1988) 
(Tengelsen rr a!.. 1988) 
(Goebel et at.. 1990) 
I'Shcnelkunov et at.. 1995 1 



iSchn.iit ano Siunncnherp. |9S8» 

(Goebel et tii.. :990i 

I Shchelkunov ,7 at.. i*?95) 

! Senkcvich r: u-.. 1996. 

'Btnnv c; at.. *<ifiH) 

t Fiei.ichmann ^; at.. 19951 

yi;2-i;5.'Sp. 

(Schnmi and Stunncnncrg. i988' 

(Gixhcl et at.. :990i 

iShc^helkunov r-; at . ;995j 

(Senkevtch rt a.'.. :996i 



ANTC'NE ET At 



ORh' START A\- kUa- 

STOI' 

Uli 



TABLE 1 — ConuDueo 



terminal re ^ i n » : 



nanu* / tpuimivet 
liinciift n / b.imolngit-x' 



^^-^^r- BLAST- HSS r..r.rcnci-.s 
_ c \ p f c t AA id I J 



068L 


6177.1 


4 23 








l?L 




4 23 


K7L 




4 23 


MC049L 




515 






421 






464 


069R 


61776 


676 




63809 




!6R 




676 


K8R 




676 


MC050R 




684 






682 



070L 


65588 


591 


CIL 


63813 


591 


HIL 




591 


MC056L 


593 






341 


071L 


65920 


111 




65585 




C3L 




1 t 1 


H3L 




I J t 


MC057L 




108 


072R 


65914 


220 


C2R 


66576 


220 


H2R 




220 


MC058R 




246 


07JL 


66920 


124 




66546 




H4L 




124 


G4L 




124 


MC059L 




126 


074R 


66923 


434 


C5R 


68227 


434 


HSR 




434 


MC60R 




437 






1300 



VPy 16 protein 
niiiocftondriaj energy 
transtcr proteins signature 

49.0 core protein, 

topoisomerase II 

VAC 

VAR 

MCV subtype I 
FPV 17 protein 
Amsacta moorci poxvirus 

77.6 NPH-II, NTPase, RNA 
he If case 

VAC 
VAR 

MCV subtype I 

FPV virus I8FPV 

61 matches mainly to RNA 

hclicase family 

68.0 68k protein 
VAC 
VAR-I 

MCV subtype 1 
FPV 

12.8 12.8k protein 



VAC 
VAR 

MCV subtype I 

IBT-depCDdcot 

VAC 
VAR 

MCV subtype 1 

glutaredoxln 2 
membrane protein 
VAR 
VAC 

MCV subtype I 



075 R 68235 
68436 

G5.5R 
H5.5R 
MC061R 



63 

63 
63 
63 



25.8 



14.0 



49.9 



7.3 



protelo 



49.8k protein 

VAC 

VAR 

MCV subtype I 
HS CGI protein 

RNA polymerase sobunit 
rpo7 

VAC 
VAR 

MCV subtype 1 

35 matches mainly to RNA 

polymerases 



076R 


68428 


165 


G6H 


68925 


165 


H6R 




165 


MC0t>2R 


195 


077L 


70005 


371 


C7L 


68890 


371 


H7L 




371 


MC065L 




402 


078R 


70036 


260 




70818 




CHR 




260 


HSR 




260 


MC067R 




260 






260 


079R 


70838 


340 


C9R 


71S60 


340 


H9R 




340 


MC068R 




342 






336 


080R 


7J861 


250 




72613 




LIR 




250 


MIR 




250 


MC069R 




24 3 






24 3 






212 






212 



19.0 



42.0 



29.9 



38.9 



27.3 



18.9k protefo 

VAC 

VAR 

MCV subtypK 1 

42.0k protein 

VAC 
VAR 

MCV subtype I 

VLTF-l. late iranscription 

fa dor 

VAC 

VAR-I 

MCV subtype I 
FPV virus FPO 

37k myristylprotein 

VAC 

VAR 

MCV subtype I 
FPV virus FPl 

2Sk myristylprotein 
IMV virion protein 
VAC 
VAR 

MCV subtype I 
FPV virus FP2 
VAC F9L 
VAR CI3L 



l.4...(i(, 50/136 36 



0.0 420/423 99 

I.5C-306 4J9/423 99 

1.9e-I99 126/207 60 

S.le-ISO 185/340 54 

3.2e.l4 U/47 29 



0.0 
0.0 

7.6e-227 
4.2C-206 
<0.38 



674/676 
665/676 
144/272 
98/178 



99 
98 
52 
55 



t4S'563. ri:'*25 

(Goehc! r/ ci;.. twut 



iSchmitt and Slunnenberg. I988> 
(Kane and Shuman. 1993> 
rCocbel <t aL, 1990) 
<Shchelkunov ei al., 199^) 
(Scnkevich rr a/.. 1996) 
F48563 

(Hall and Moycr. 1991) 

(Shuman. J992). 
(Koonin and Senkevich 1992) 
(Goebel et at,, 1990) 
(Shchellcunov ct a/., 1995) 
(Senkevich rr c/,. 1*997) 
(Binns et at, 1988) 



0.0 590/591 

0 0 582/591 

1.2C.2I7 183/361 

9.4e-75 45/101 



99 
98 
50 
44 



7.6C-74 
2.4C-7I 
0.00012 



1.9e-I55 
I.le-I51 
2.7C-36 



4.0C-83 
7.5e-83 
{.le-21 



l.6e.305 
1.9e-29«» 
i.Oc.55 
0.015 



(Schmitt and Stunncnbcrg. 1988) 
(Gocbcl « fl/.. 1990) 
(Shchelkunov ct at., 1995) 
(Senkevich e/ at., 1991) 
H48563 ^ 

(Schmitt and Stunncnbcrg. 1988) 
(Meit and Condi t. I99i) 
(Gocbcl et at.^ 1990) 
(Shchelkunov et at., 1995) 
(Senkevich et at., 1997) 

-jofl/'.^rt Condit. 1991) 

V. ^Shchelkunov a at,, 1995) 
42/135 31 (Senkevich <t al., 1997) 



II 1/1 I I 100 
108/111 97 
15/4 5 33 



123/124 99 
123/124 99 
21/51 41 



432/434 
423/434 
56/1 19 
22/82 



99 
97 
47 
26 



l.le.40 
l.Ie-39 
9.3e.27 
<0.54 



63/63 100 
61/63 96 
4 1/63 65 



(Gvakharia et at., 1996) 
(Jensen er aL, 1996) 
(Shchelkunov et at., 1995) 
(Goebc! et at., 1990)* 
(Senkevich et at.. 1997) 

(Goebel et at., 1990) 
(Goebel et at., 1990) 
(Shchelkunov et al., 1995) 
(S'lnkcvich et at., 199?) 
(F int ei a/.. 1994) 

(Amegadzie et at., 1992). 
(Meis and Condit. 1991) 
(Goebel et at., 1990) 
{Shchelkunov et at.. 1995) 
(Senkevich et at., J 997) 



3.Se-I J6 162/165 
l-5e-n6 164/165 
3.0e-32 27/57 



98 
99 



5.2C-255 370/37 ; 99 
7.!e-2;5 369/371 99 
2.0e-!09 69/145 47 



8.6-184 
3. IC-IS3 
8 5e-t36 
3.3C-I29 



259/260 
258/260 
185/260 
175/250 



3.7C-237 517/319 

9.1e-236 315/3 19 

4.8C-79 59/127 

3.9C-65 59/124 



1. 8c. 175 

6.4e. 170 

6.5e-I03 

6.2t-95 

I.6e-0.7 

3.Ie-0.7 



250/250 

249/250 

14 5/24 3 

128/243 

20/58 

20/58 



99 
99 
71 
67 



99 
98 
46 
47 



100 
99 
59 
52 
34 
34 



(GocDel et ul., 1990) 
(Goebel ei at.. 1990) 
f Shchelkunov fi 1995) 
(Senkevich et aL, 1997) 

(Schmitt and Stunncnbcrg. 1988) 
(Goebel e: at., 1990) 
(Shchelkunov et at., 199$) 
t Senkevich et at.. 1997) 

(Keck et at.. 1990) 
(Wright et at., 1991) 
(Goebel et a!., 1990) 
(Shchelkunov e; at., 1995) 
(Senkevich et at.. 1997) 
(Binns et at., 1988) 

(Martin et at.. 1997) 
(Goebel et al.. ' 1990) 
(Shchelkunov at., 1995) 
(Senkevich et at.. 1997) 
(Binns et at., 1988) 

(Franfce et at.. 1990) 
(Martin et at.. 1997) 
(Goebel et at.. 1990) 
(Shchelkunov et at.. 1995) 
(Senkevich et at.. 1997) 
(Binns et at.. 1988) 
(Goebel et at., 1990) 
(Shchelkunov et at.. 1995) 
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START 

__STOP 



left terminal region: 
213 
215 



name / {putative) 
function / homologies* 



BLAST-* 
_expect 



BLAST* 
AA id 



HSS* references 
f ^ ) 



08 I R 72645 
L2R 72908 
M2R 
MC070R 



08 2 L 73950 
L3L 72898 
M3L 
MC072L 



083R 73975 
74730 

M4R 
MC073R 



(0.3 



87 
87 
87 
93 
504 

233 
2336 
2238 
1559 

350 
350 
349 
310 
30) 



25! 2S.5 

251 
251 
254 
253 



40.6 



084R 74740 
LSR 75126 
M5R 

MC074R 



08 5R 75083 
JIR 75544 
LIR 



MC075R 

086R 

J2Jt 
L2R 



!28 
128 
128 
129 
146^ 
152 

153 
153 
159 
147 
148 
183 
148 



15,1 



17.9 



MCV subtype I MC0I6L 
swinepox 

10.3k protein 

VAC 
VAR 

MCV jiubcypc I 

Na* dependent phosphate 

iransponer C. elcgans 

ATPase subuntt T. cruzi 

Ca-* channel rat 

Ca-* channel mouse 

ABC transporter yeast 

40.6k protein 

VAC 

VAR 

MCV subtype i 
FPV F4 pVotein 

core protein VPS 
DNA/RNA binding protein 
VAC 
VAR 

MCV subtype 1 
FPV virus FP5 

15.1k protein 
VAC 14.0k protein' 
VAR 
FPV FP6 
MCV subtype I 
melatonin receptor D. 



I.6e-0.7 
3.3e-0.5 



13/57 
15/51 



dimerie 
VAC 
VAR-I 

capripox CF7 
myxoma MF7 
MCV subtype I 
FPV FP7 



75560 
76093 



177 20.0 thymidine kinase 



177 
177 



087R 76159 
77160 

JSIt 
L3R 

MC076R 



08 8 R 77075 
•^'fft 77632 
L4R 



333 38.9 

333 
333 
338 
34 3 
308 



MC077R 



089L 78101 
J5L 77700 
L5L 

MC078L 



090R 78207 
J6R 82067 
L6R 

MC079R 



09 IL 82579 
82064 

HiL 
111 



MC082L 



185 
185 
185 
185 
187 
186 

133 
133 
133 
134 
137 
377 
378 

1286 
1286 
1286 
1289 



I VI 19.7 

171 
171 
171 
172 
I 73 
169 



21.3 



15.2 



146.9 



VAC 
VAR 

38 matches mainly to 
thymidine kinase family 

poly{A) polymerase su, 
2*methyl transferase 

VAC 

VAR-BSH 
myxoma 
MCV subtype I 
FPV VP39 

RNA pol subunK rpo22 
VAC 

VAR-BSH 
myxoma 
MCV subtype I 
FPV 

15. 2k protein 

VAC 

VAR.r 

MCV subtype 1 
FPV 

VAR-I A16L (BSH:A!7L) 
VACAI6L 



pol subunit rpol47 



RNA 

VAC 
VAR 

MCV subtype 1 

100 maiches to RNA pot /large 
subunit) family 

protein tyrosinc/serlae 
phosphatase 

VAC 
VAR 

racDonpox 
myxoma virus 
rabbit fibroma virus 
MCV subtype I 

protein phosphatase family 



3.9C-57 


87/87 


100 


4,0e-56 


85/87 


97 


0.064 


18/80 


22 


6.9e-05 


10/39 


25 


0.013 


16/44 


36 


5.2e+0.2 


6/25 


24 


7.1C+0.2 


6/2 5 


24 


0.40 


12/40 


30 


2.2e.25l 


34 6/.^50 


9S 


l.5e-24 1 


296/306 


96 


1.5e-88 


64/; 36 




l.le-SO 


58/i?4 


43 


5.6C-170 


251/:5l 


!00 


3.7-169 


250/251 


99 


1.7e-76 


36/59 


61 


6.4e-55 


29/57 


50 



rerio 

virion protein 



2.9e-89 

2.0-87 

8.le-16 

0.073 

0.44 



6.0e-I03 

I.4e-101 

6.5C-S4 

4.8C-51 

1.9C-47 

l.3e-35 



5.7C-125 
2.7e-l22 
<0.18 



8.7e-I36 
9.8e-233 
5.7e.288 
I.4e-135 
I.7C-96 



127/128 
125/128 
19/4 5 
10/)8 
15/66 



152/153 
M9/I53 

53/90 

54/93 

47/93 

37/84 



175/177 
170/177 



330/333 

326/333 

247/333 

79/144 

125/267 



22 {Scnkevich et aL, 1997) 
29 (Massung ei aL, 1993) 

(Plucicnnicrak ei at., 1985) 
(Cocbcl cr at.. 1990) 
(Shchslkunov rt at., 1995) 
(Scnkevich et at.. 1997) 
(Wilson et al.. 1994) 

U38I84 

(Dubcl et a!., 1992) 
f Coppola cr al„ 1994) 
X97560 

fPlucienniczak « a!., I98S) 
fCocbel a!., 1 990 J 
fShchelkunov et al., )99<> 
fSenkevich a/,. J957) 
(Binn.5 et at.. 19SS) 



lYang and Bauer, 1988) 
(Baylis and Smith. 1997) 
(Goebcl el al.. J990> 
(Shchetkunov er at., 1995) 
fSenkcvich et a!.. 1997) 
(Binns et al., 1988) 



99 fCoebel e: at., 1990) 

97 (Shchelkunov e: at., J 995) 

4 2 rOrillien et at.. 1987) 

55 (Senkevich et at., 1997) 

222 (Rcppen et at., 1995) 



99 
97 
58 
58 
50 
44 



98 
96 



99 
97 
74 
54 
46 



I.2e-I25 


185/185 


100 


7.9e-l25 


182/185 


98 


I.5e-86 


124/185 


67 


I.9e-76 


73/132 


55 


2.1e-73 


72/135 


53 



2.4e-95 


133/133 


too 


2.4e-94 


131/133 


98 


5.7C-45 


60/127 


47 


I.4e.43 


60/130 


46 


0.049 


7/28 


25 


0.049 


7/28 


25 


0.0 


I283/12S6 


99 


0.0 


I275/I2S6 


99 


0.0 


5 56.'/ 60 


73 


<3.7t:-07 





2 Oc-I 17 


170/171 


99 


l.le-il4 


166/171 


07 


6.0e-U i 


157/171 


*:'l 


i.5e-77 


K3/I3S 


oO 


1 Ke-77 


46/80 


< 7 


I -:-.65 


60/1 M 


5 2 


>2.8e.05 







(Holrer & Falkner. unpubl.) 
tCocUel et at.. 1990/ 
(Shchelkunov et al.. 1995) 
(Gcrshon and Black, 1989b) 
(Jackson and flulis. 1992) 
(Senkevich et al„ 1997) 
(Drillicn et at., 1987) 

(Hruby and Ball, 1982) 
(Weir and Moss, 1983) 
(Goebcl et at., 1990) 
(Shchelkunov « aL. 1995) 



(Gershon et at.. 1991) 
(Gershon and Moss. 1993) 
(Goebcl et at.. 1990) 
(Shchclkiinov et at., 1995) 
(Jackson and Bulis, 1990) 
(Senkevich et al.. 1997) 
(Binns et at.. 1988) 

(Broylcs and Moss. 1986) 
(Goebel et at.. 1990) 
(Shchelkunov n at., 1995) 
(Jackson and Bults, 1990) 
(Senkevich et at.. 1997) 
(Binns et at., 1988) 

(Plucicnnicrak et at.. 1985) 
(Goebcl et at.. 1990) 
(Shchetkunov et at.. J 995) 
(Senkevich et at., 1997) 
(Drillicn et at.. 1987) 
(Shchelkunov at., 1995) 
(Goebcl et at.. 1990) 

(Broylcs and Moss. 1986) 
(Goebcl et at.. 1990) 
(Shchelkunov ej al., 1995) 
(Senkevich et at.. 1997) 



{Ro.scI **/ ci.. l9H(u 
'Guan et at.. 19yi \ 
(Coehcl f; it:.. l9M0i 
(Shchelkunov rt at.. ly9<) 
847452 

(Mos.^niar. vs ui.. 1 995a » 
fMossman «■/ al.. J 995a 1 
fScnkcMc'h et al,. 19971 
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STAKT A A' 
STOI' 



TABLE 1 —Continued 



left terminal region: 



/ homolo^icit^ 



BLAST-^ 
expect 



BLAST' 
AA id 



HSS rcferencts 



092R 
H2R 
I3R 

MC085R 



if2593 
S3I62 



189 
189 
191 
M2 



21.5 



093L 


8-1 1 39 


3 24 




S3 165 




H3L 




324 


I3L 




525 


MC084L 




298 


094L 


86527 


795 




84140 




H4L 




795 


ML 




795 


MC085L 




791 






804 






484 


095R 


86713 


203 




87324 




HSR 




203 


I5R 




221 






237 






220 






705 



37.5 



93.6 



22.3 



*1.5k protein 

VAC 

VAR 

MCV subtype 1 
tti y ;( o m a 

immunodoml naot cdv 
protein p35; IMV 

mefnbr«ne-asso dated 

VAC 

VAR-BSH 
MCV subtype I 

RAP 94 (RNA.pol .ssoc. 

VAC^^'* *'***^* 
VAR 

MCV subtype I 

Off virus 

FPV LJL protein 

late transcription factor 
VLTF-4 

VAC 
VAR 

orf virus F3R 

MCV subtype I 

nucleolin Xenopus 

31 matches to ^lu/asp rich 

proteins 



5. 2c. 134 
K4C.I33 
i-4e-7 I 
1.3e-65 



188/1 S9 
188/189 
95/1 8 J 
93/142 



3.3e.23t 322/324 
I.7C.225 311/320 
l.Ic-36 38/1 17 



99 
97 
32 



0.0 


791/795 


99 


0.0 


780/795 


98 


0.0 


327/546 


59 


0.0 


96/131 


73 


2.4C-I8 


I 91/176 


51 



1.8C-128 

5.IC-102 

3.ie-14 

3.IC-09 

0.0004 1 

&C0.52 



202/203 

91/97 

29/69 

28/64 

18/57 



'.Rosel et ai . 1986) 
(Cocbel et al.. 1990) 
99 ! ^ncncUunov ei at.. 1995) 
- ' (Senkevtch <■/ a/.. 1997) 
65 Uackxon «nd Suits. 1990) 

(Rose I */ ai., 1986) 
(Chcrtov rt al.. 1 991) 
(Takahashi ei al„ J 994) 
(Coebel et ai.^ 1990) 
(Shchelkunov #f ^/^^ 1995) 
(Scnkevich ei at.. 1*996) 

(Ahn and Moss, 1992b) 
(Kane and Shuman, 1992) 
(Coebel et at., 1990) 
(Shchelkunov tt at., 1995) 
(Scnkevich ei al., 1*996) 
(Fleming et at, 1993) 
2209386A 

{Kovacs and Moss. 1996) 
(Rosel et 1986) 
(Cocbel et ai., 1 990) 
(Shchelkunov et ai., 1995) 
(Fleming et al.. 1993) 
(Scnkevich et al., 1997) 
(Messmer and Oreyer. 1993) 



99 
93 
42 
43 
31 



096R 87325 
88269 

H6R 
I6R 



MC087R 



097R 88306 
i17R 88746 
I7R 

MC088R 



314 36.7 DNA topoisomerase I 



314 
314 
314 
318 
323 
316 



146 
146 
146 
143 



J7.0 



098R 

DIR 
FIR 

MCO90R 



88790 
91324 



844 96.8 

844 
844 
950 
836 
868 



VAC 

VAR-BSH 

shope fibroma virus 
orf virus 
MCV subtype 1 
FPV L3R 

21 matches to lopoisomerasc 
family 

17. Ok protein 

VAC 

VAR 

MCV subtype I 

mRNA capping enzyme* 
large subuolt 

VAC 

VAR-BSH 
MCrv subtype I 
shope fibroma virus 
ASV NP868R 



0.0 

9.5e-220 
8.5e-I41 
5.2C-128 
I.6e-12l 
2.9e-113 



314/314 

312/314 

1 19/170 

82/138 

111/202 

159/303 



100 

99 

70 

59 

54 

52 



(Shuman and Moss, I9S7) 
(Rosel et al., 1986) 
(Goebel et at.. 1990) 
(Shchelkunov et at, 1995) 
(Upton et at. 1990b) 
(Reming et at., 1993) 
(Scnkevich et at, 1997) 
(Zantingc et at, 1996) 



2.1C-98 144/146 
6.7e.96 141/146 
4.3c-30 45/i 15 



099L 



91723 
91283 



0.0 
0.0 
0.0 
0.0 

0.0033 



D2L 
F2L 

MC091L 

iOOR 9I7I6 
D3R 924 17 
F2R 

MC092R 



101 R 92417 
93073 

F4R 



M6 16.9 structural protein 



84 2/844 

830/844 

322/64 

243/305 

17/55 



(Rosel et at, 1986) 
98 (Cocbel et at, 1990) 
96 (Shchelkunov ei at, 1995) 
39 (Scnkevich et at, 1997) 



TM organ et at. 1984) 
(Nllcs at. 1986) 
(Coebel et at, 1990) 
(Shchelkunov et at, 1995) 
(Scnkevich et at. 1997) 
(Upton et al.. 1991b) 
(Pcna ei at. 1993) 



99 
98 
64 
79 
30 



27.6 



25.1 



MC093R 



102R 

OSR 
F5R 



MC094R 
103R 



93105 
95462 



95503 
974 16 



M6 
146 
143 
170 

233 
237 
237 
24 i 
268 
206 

218 
218 
218 
218 
226 
218 
297 



785 90.4 

785 
785 
786 
791 
791 
942 

637 73.9 



VAC 

VAR (BSH: F3L) 
Rabbit fibroma virus 
MCV subtype I 



5.9e-98 


146/146 


100 


1.5C-97 


145/146 


99 


2.0c. 27 


13/33 


39 


l-le-20 


19/4 1 


fl6 



VAC Pfotein 

VAR I:F3R 

shope fibroma virus 

MCV subtype I 

rabbit fibroma virus C3 

vac" g»ycosyUs« 
VAR-BSH 

shope fibroma virus 
MCV subtype 1 
FPV FPD4 

uracil DNA glycosyiasc UL2 
gallid herpesvirus I 

90.4k ATP/CTP biodine 

profeffl 

VAC 

VAR 

Shope fibroma C5 
MCV subtype I 
FPV virus FPD5 
C29E6.4 C. clcgans 



3.8-167 
I-5C-162 
9.3c. 20 
3.5C-I8 
l.6e-09 



l.4e-157 
3.1C-157 

1.5e-n7 
8.4C.9I 
3.Ie-88 
0.019 



136/142 

131/142 

27/100 

16/39 

26/96 



217/218 
216/218 
151/218 
65/1 13 
11 6/2 16 
8/14 



95 
92 
27 
^ 1 
27 



0.0 
0.0 
0.0 
0.0 
0.0 
0.72 



780/785 
774/785 
283/450 
184/334 
170/345 
16/56 



early Iraoscriptton 
VETF-1 



99 
99 
69 
57 
53 
57 



99 
98 
62 
55 
49 
28 



factor 



(Niles et at., 1986) 
CDystcr and Nilcs. 1991) 
' (Goebel et at. 1990) 

(Shchelkunov et at, 1995) 
fUpion ei at. 199 lb) 
< Scnkevich et at. 1996) 

(Dysicr and Niles. 1991) 
(Goebel et at.. !990> 
(Shchelkunov 1995) 
/Upion ei at. :99Ibv 
(Scnkevich et al, :997) 
(Sirayer rt at, 1991) 

(Upton et at. 1993) 
(Goebel et at. 1990) 
(Shchelkunov et at, 1993) 
(Uptor. et at, 1993) 
(Scnkevich ei al, 1997) 
(Tartaglia et al. 1990) 
L34064 



(Niles et at, 1986) 
(Shchelkunov et at, 1993c) 
(Cocbel et at. 1990) 
(Shchelkunov et al, 1995) 
(Straycr et at, 1991) 
(Scnkevich et at. 1997) 
(Tartaglia et at. 1990) 
(Wilson et at'., 1994) 

(Broyles and Fcslcr. 1990) 
(Gershon and Moss. 1990) 
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TABLE ^ — Continued 



ORF' 



START A\' 
STOP 



kDa^ 



name / 
function 



(putative) 

/ tiomologtes*^ 



BLAST-* 
expect 



BLAST* 
A A id 



HSS' 



re Tc re ncc s 



left terminal region: 



D6R 




637 




VAC 


0.0 


635/637 


99 


F6R 




637 




VAR-I 


0.0 


633/637 


99 






635 




shope fibroma virus 


0.0 


212/262 


80 


MC095R 




635 




MCV subtype 1 


0.0 


199/263 


75 






60S 




FPV 


0.0 


188/263 


71 






648 




Choristoncura biennis EPV 


2.7e -OS 


24/72 


J.I 






648 




Amsacia tnoorei EPV 


4.2C-06 


24/77 


31 






706 




African swine fever virus 


l.5e-05 


13/28 


34 


104R 


97443 


161 


17.9 


RNA polymerase 










97928 






subunic rpol8 








D7R 




161 




VAC 


1.4e-108 


160/! 6 I 


99 


F7R 




161 




VAR 


2.2c -106 


156/161 


96 






163 




rabbit fibroma CS 


3.4e-76 


10&/I6I 




MC097R 




16! 




MCV subtype 1 


4.0C-70 


99/158 


62 






161 




FPV D7 


5.4e-66 


95/160 


59 


1 A ^ f 


98805 


"^04 




virion trans m cm b r a n e 










97891 






protein, carbonic 
















anhvd rase-like 








DSL 




304 




VAC 


2.3C-2I2 


297/304 


97 


F8L 




304 




VAR 


2.5C-209 


291/304 


95 






304 




Camclpox virus 


I.lc-207 


290/304 


95 






303 




Ectromelia virus 


2.2C-207 


195/207 


94 






304 




Monkeypox virus 


3.0e-207 


287/304 


94 






304 




Cowpox virus 


9.8e-206 


285/304 


93 










Carbonic anhydrase family 


>4.9c-13 






106R 


98847 


213 


25.0 


25k mutT-IIke proteio 










99488 












D9R 




213 




VAC 


I.6e-146 


212/213 


99 


F9R 




213 




VAR 


5.3c- 145 


209/2 1 3 


98 






218 




rabbit fibroma 


K7e-75 


T05/203 


51 


MC098R 




212 




MCV subtype I 


5.3C-67 


54/1 1 1 


48 






78 




FPV D9 


2.0e-13 


25/51 


49 


MC(y99R 




229 




MCV subtype 1 


0.0041 


13/3 1 


41 






248 




VAR.[ FJOR 


0.018 


14/32 


43 






225 




FPV DIO 


0.14 


15/34 


44 






248 




VAC DIOR 


0.23 


1 1/26 


42 


I07R 


99485 


248 


28.9 


29k mutX-Iike proteio 










100231 












DJOR 




248 




VAC 


7.4C-173 


245/248 


98 


FIOR 




248 




VAR-I 


5.4C-173 


245/248 


98 






260 




shope fibroma DIO 


3.8C.72 


96/202 


47 


MC099R 




229 




MCV subtype I 


l.4e-54 


44/100 


44 






225 




FPV DIO 


LIe-45 


45/102 


44 






218 






1 ,9c-06 


19/54 


35 






212 




MCV subtype 1 MC098R 


0.13 


12/21 


57 






136 




mutator Synechocystis 


0.23 


12/27 


44 






213 




VAC D9R 


0.24 


1 1/26 


42 






213 




VAR F9R 


0-24 


I 1/26 


42 






169 




mutator M. jsnnaschii 


0.39 


13/25 


52 


108L 


102127 


631 


72.4 


nucleoside triphosphate 










100232 






phosphohydrolase I, 
















^l^fX. llCllvSSC 








DDL 




631 




VAC 


0.0 


629/631 


99 


NIL 




631 




VAR 


0.0 


626/631 


99 


MCIOOR 
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117 


143L 


134169 


269 




133360 




A32L 




300 


A33L 




270 


MC140L 




249 


144R 


134287 


185 


A33R 


134844 


185 


A36R 




184 






185 


145R 


134868 


168 



6.3 



35.4 



8.7 



135374 



30.8 



20.6 



19.6 



A34/i 
A37R 



168 
168 
167 

199 



MCI43R 




159 


146R 


1354 18 


176 


A3SR 


135948 


176 


A38R 




60 


MCM5R 




233 


I47R 


1 36015 


208 




1 3664 1 




A36R 




221 


A39R 




316 



20.0 



148R 


136705 


263 


:9.8 


A37R 


137496 


263 


A40R 




68 




149L 


138589 


277 


31.5 


A38L 


137756 


277 




A4IL 




277 








303 








324 








323 




150R 


1 38606 


83 


9.4 




138857 






A39R 




403 




A42R 




74 




151R 


139163 


210 


23.9 




139795 






A39R 




403 




A43R 




139 








653 





Ectromelia virus 

Monkeypox virus 

Or I virus 

Myxoma virus 

MCV subtype 1 

CapripOK virus HM2 protein 

MCV subtype J 

16.3k protein 
VAC 

VAR-BSH (I: A31L) 
Myxoma virus 

CapripoJt virus HM3 protein 

MCV subtype I 

Amsacta moorei poxvirus 

RNA pot subuaU rpo35 
VAC 

VAR-BSH 
MCV subtype 1 
CapripoK virus 

8.7k protein 

VAC 

VAR 

MCV subtype I 

I4.4k protein 

VAC 

VAR 

MCV subtype 1 

30.8k protein 

ATP/CTP binding motif A 

VAC 

VAR 

MCV subtype I 



20.0k protein 
VAC 
VAR-I 

MCV subtype 1 

23.8k EEV membrsoe protein 
virulence factor 

VAC 
VAR 

!9 matches lo asn/scr-rich 
proteins 



29.8k protein 

VAC 

VAR 

31. 5k protein 

VAC 

VAR 

Raitus norvegicus CD47 
MM imegrin assoc. protein 
human CD47 precursor 

semaphorin-Iike protein 

(f I) 

VAC 

VAR-1 

semaphorln-IIke protein 

VAC 

VAR (1:A44R) 
scmaphorin-ltkc protein 
Alcetaphine herpesvirus 
37 matches to scmaphorin 



6.?e.68 


105/110 


95 


S.3C-67 


103/1 10 


93 


4.8e.I5 


2-J/,^7 


3lf 


2.5C-12 


18/33 


54 


i.5c-t 1 


26/58 


44 


2.6c. 10 


21/42 


50 


i.5c.05 


18/58 


3i 


1.7e-103 


146/146 


too 


2.9C-100 


141/146 


96 


I.3e.55 


30/52 


57 


3.3e-55 


30/49 


61 


l.Oe-53 


31/52 


59 


2.0e-l4 


16/36 


44 



3-6e-215 
7.5c'2n 
7.0e-98 
2.2e-54 



5.5C-48 
5.5C-48 
9.2c. 16 



2.0C-84 
1.6e.79 
6.2C-24 



304/305 99 

297/305 97 

51/103 49 

46/61 75 



77/77 
77/77 
18/40 



J 00 
100 
45 



1 18/124 
111/114 
39/98 



95 
97 
39 



6.4c- 190 268/269 99 
1.6c- 186 263/269 97 
7.6e-95 58/94 61 



EEV glycoprotein 

VAC 

VAR 

Eciromclia 

EEV glycoprotein 

virulence factor 

actio microvilli inducer 

VAC 

VAR-I 

FPV ORFs BamHI 2,8.11 hepatic 

lectins homologs 

HS early T-ccIl activation 

antigen CD69 

MCV subtype 1 

17 matches to lectins 



2.1e-l24 
L8C-12I 
2.8c-l 13 



1-2C-I17 
1.7e-1 17 
<0.056 

0.0038 

0.080 



182/185 
103/1 12 
165/185 



165/168 
164/168 
16/66 



I.4e-I26 

2.9e-37 

l.2c-07 



2.8e-143 

2.1C-89 

<0.41 



6.8e-i83 
4.9e.37 



9.3c- 198 
1.6e- 187 
3.9e.24 
l.0e.21 
5.0c- 1 9 



12/38 
12/48 



176/176 

57/60 

18/55 



140/14 I 
138/177 



261/262 
61/67 



98 
91 
89 



98 
97 
24 

31 

25 



100 

95 

32 



99 
77 



99 
91 



274/277 98 

259/277 93 

23/86 26 

23/86 26 

28/86 32 



8.0C-46 
8.6e-44 



3.0-147 
1.8C-68 
L7e.20 



73/76 
67/7 1 



209/210 
9 1/105 
29/79 



96 
94 



99 
86 
36 



I Meyer rt oL. 1994) 
f Meyer et at.. J9V^) 
tSaase et at.. J 99 1) 
^Jackson <■/ j/.. 19961 
(Senkcvich et al.. 1996) 
(Gcrshon ft al„ 1989) 
"fScnicevich et a/.. 1996) 

(Amegadzie et al., 1991a) 
(Cocbcl e/ a/.. 1990) 
(Shchelkunov e; al., 1995) 
(Jackson €t aL, 1996) 
(Gershon </ at., 1989) 
(Senkcvich et at., 1996) 
(Hall and Moycr. 1991) 

(Amegadzie et al,. 1 991 a) 
(Cocbel et al., 1990) 
(Shchelkunov^ et aL. 1995) 
(Senkcvich et aL, 1996) 
(Gershon et aL, 1989) 

(Amegadzie et aL, 1991a) 
(Gocbel et ai., 1990) 
(Shchelkunov et aL, 1995) 
(Senkcvich et aL, 1996) 

(Smith et aL. 1991) 
(Goebcl et aL, 1990) 
(Shchelkunov ei aL, 1995) 
(Senkcvich et al., 1997) 

(Smith et aL, 1991) 
(Koonin et aL, 1993) 
(Gocbcl et aL, 1990) 
(Shchelkunov ex aL, 1995) 
(Senkcvich et aL, 1996) 

(Roper et aL, 1996) 
(Gocbel et ai., 1990) 
(Shchelkunov et aL, 1995) 
(Roper et at., 1996) 

(Duncan and Smith. 1992a) 
(Mcintosh and Smith, 1996) 
(Wolffc et aL. 1997) 
(Gocbel et aL, 1990) 
(Shchelkunov et aL, 1995) 
(Tom icy et ai.. 1988) 

(Hamann et aL, 1993) 

(Senkcvich et aL, 1997) 



(Smith et aL, 1991) 
(Goebcl et aL, 1990) 
(Shchelkunov et aL, 1995) 
(Scnkevich et aL, 1997) 

(Parkinson and Smith. 1994) 
(Smiih et aL. 1991) 
(Goebcl et ai.. 1990) 
(Shchelkunov et aL, 1995) 



(Gocbel et at., 1990) 
fShchelkunov et at.. 1995) 

(Amegadzie et aL, 1 99 la) 
(Gocbel et at.. 1990) 
(Shchelkunov et aL, 1995) 
(Nishlyama et aL, 1997) 
(Lindberg et ai., 1993) 
(Campbell et ut., 1992) 

(Kolodkin et at', 1993) 

(Cocbcl et aL. 1990) 
(Shchelkunov et at.. 1995) 
(Kolodkin et at., 1993) 

(Goebcl et at.. 1990) 
(Shchelkunov et at., 1995) 
(Ensscr and Flcckcnstcin. 1995) 
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TABLE 'X^ Continued 



START AA 
STOP 
tcrmina 



kDa* name / (putative) 
runctioo / homoloeies' 



BLAST- 
expect 



BLAST' 
AA id 



HSS* 
f % I 



references 



region: 



/colUpsin ficnc family 



152R 



A40R 
A45R 



I3982I 
140327 



168 19.4 

168 
61 

233 

240 
182 
179 



receptor homolog 
protein 



153L 
A41L 
A44L 



154R 



A42R 
A47R 



1S5R 



A43R 
A48R 



156R 



I57L 

A44L 
A47L 
MCI52R 



141025 219 
140366 219 
218 
244 
258 

141197 I2g 
I41S83 

133 
133 
140 



14I62I 190 
142193 

194 
193 
51 

142201 78 
142437 78 
258 



143577 346 
142537 

346 
210 
354 
369 



1S8R 



A45R 
A51R 



159R 
A46R 
A52R 

I60L 

JIL 

A47L 



1«IR 
A4BR 
I2R 



1«2R 
A49R 
i3R 

K3R 
ASOR 
J4R 



I64R 

ASIR 
JSR 



143624 121 
143989 

125 
125 



143979 241 
I4470I 214 
240 

145465 238 
144749 244 
244 



145564 204 
146178 204 
205 



146202 162 
146690 162 
162 

146722 552 
148380 552 
55: 
922 
559 
564 



148426 310 
U935S 334 
334 



NK cell 
Icctin-like 

VAC 

VAR-I (BSH: A43.5R) 
HS natural killer (NK) 
protein group 2-A. B 
HS lypc It membrane 
MM NK cell rcccpior 
HS CD 94 

)27 matches to lectins 
including NK cell surface 
proteins and snake venoms 

25. Ik protein 

VAC 

VaR-BSH {I:A46L) 

VAC B29R/C23L 

Rabbit fibroma virus Tl 



M.5 profiiin-Hkc protein 
VAC 

VAR-I (BSH:A45R) 
HS profllin 

10 matches profilin family 



25.1 



22.1 



39.4 



13.3 



27.6 



23.2 



18.8 



63.5 



34.9 





6.6C-97 


134/137 


97 




9.6C-36 


54/59 


91 


cell 


4.5e.1 1 


20/74 


27 


protein 


6.9e-I 1 


16/36 


44 




5.5e.09 


16/36 


44 




1.7e-07 


1 1/29 


37 



l.9e-15S 
1.4c. 152 
0.0076 
0.057 



218/219 
152/159 
12/53 
13/49 



1.2e.S7 
1.4e-85 
2.2e.23 



85/87 
82/87 
19/4 5 



class I membrane 
glycoprotcia 

VAC 

VAR-I{BSH:A46R> 
HS leakocyce antigen 

8.8k protein 

VAC-WR SaIF6R 
rabbit myosin heavy chain 
144 matches to various 
asp/glu/lys-rich proteins 

3fl-bydroxysterotd 
defaydrogeDase (3C-HSD) 
VAC 

VAR-BSH (I: A49L) 
MCV subtype I 
FPV 

matches to dihydroflavonol 
reductases, cholesterol 
dehydrogenases. UDP- 
gatactose-4-epimerases 



superoxide dismutase-IIke 
protein 

VAC 2,le-82 

VAR-I BSH A48R LIe-82 

117 matches with superoxide <0.027 
dismuiase family 



1.5C-I37 162/164 
1.9e-128 101/109 
0,096 7/23 



3.9e-45 
0,00048 



4.5C-249 

l.le-136 

8.2e-I04 

3.IC-83 

>2.8c-05 



78/78 
13/39 



342/346 
185/195 
123/272 
33/85 



27.6k protein 
VAC 

VAR-l (BSH: A49R) 

27.6k protein 

VAR 

VAC 

imegrin lipid binding moiif 

thymldylate kinase 

VAC 

VAR 

16 matches lo ihymtdylate 
kinase family 



I8.8k 

VAC 

VAR 



protein 



DiVA Ugase 

\'AC 

VaR-1 

HS ONA Hgase II! 
shoDC fibroma ligase 
FPV ligasc 

3t matches mainly to DNA 
!ig3.«e family 



9.6e-I67 
5.6c'l64 



5.1c- 146 
S.2C-135 



5.2C-U0 
t.Ie.l37 
<0.49 



6.0e-106 
2.4C.103 



0.0 
0.0 

:.!e-235 
9.9e-2i3 
3.0c- 195 
<0.029 



94/96 
93/96 



238/240 
233/240 



1 14/127 
121/127 



204/204 
161/165 



159/162 
154/162 



54 7.'552 

537/552 

102/165 

95/200 

10!/i70 



34.9k 

VAC 

VAR 



protein 



99 
95 



(Schciflinger et a)., unpubl.) 
(Smith €1 ai., 1991) 
(Coebcl er a/.. 1990) 
(Shchelkunov et al., 1995) 
(Houchins ri a/., 1991) 

(Adamkiewicz ej at., 1994) 
(Giorda er at., 1992) 
(Chang ct at.. 1995a) 



(Smith et a!.. 1991) 
(Goebe! e: cL. 1990) 
(Shchelkunov ci at., 1995; 
(Gocbel CI at.. 1990! 
(Upton et ai.. 1987) 



(Blasco et at.. 1991) 
fSmith et al., 1991) 

97 (Gocbel et at.. 1990) 

94 (Shchelkunov et ai., 1995) 

42 (Kwiaikowski and Bruns. 19881 

(Smith <x at.. 1991) 
(Duncan and Smith. 1992b) 

98 (Gocbel et at., 1990) 

92 (Shchelkunov et aL„ 1995) 
30 X795I7 



(Smith et at.„ 
100 (Smith et at., 
33 A02985 



1991) 
1991) 



I.5e-2I7 267/274 
9.tc-208 25 1/274 



(Moore and Smith. 1992) 
(Blasco et at., 1991) 
98 (Gocbel ei at., 1990) 
94 (Shchelkunov et at., 1995) 
45 (Scnkcvich et at,, 1996) 
38 (Skinner et at,, 1994) 

(Baker and Blasco. 1992) 



(Blasco et at., 1991) 
(Smith et at., 1991) 
97 (Goebe! et at.. 1990) 
96 (Shchelkunov et at., 1995) 



(Smith *rr al., J 991) 

99 (Gocbel et al., 1990) 

97 (Shchelkunov et at., 1995) 

(Gocbel et at.. 1990) 
89 (Shchelkunov et at., 1995) 
95 (Goebcl er at., 1990) 

(Smith et al, 1991) 

(Smith et at.. 1991) 

100 (Goebcl et ai, 1990) 

97 (Shchelkunov et at., 1995) 



(Smith et cl., 1991) 

98 (Gocbel et at.. 1990) 

95 (Shchelkunov .« ai., 1995) 

(Kerr and Smith. 1989) 

99 (Gocbel e: a!,, 1990) 

97 (Shchcllcuno* et at.. 1995) 

6 1 (Wet ei ai . ) 

4 7 (Parks et «(.. 19941 

59 (Skinner e: at.. 1994) 



I'Anioine et ai., 1996) 
9? <Cocbc) ft al.. 1990) 
9 1 (Shchelkunov w at.. 1995» 
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ANTCINE ET AL 



ORf 



START 

STor 



TABLE ^~Con{^nued 



led tcrmtnal rL-gtonr 



name / 
funciiiin 



: putaiivej 
7 homologiey 



BLAST-' 
e X p e c I 



BLAST' 
A A td 



HSS- rercrcnces 



165R 
i9R 



UtfR 

A57R 
ilOR 



1«7R 



M*)4 16 



150659 
150952 



3!5 
3 i 5 
313 
310 



97 
I5J 
151 
J98 
J 97 



1 1.4 



151 103 
152005 



300 34.3 



BJR 



300 
300 
283 



fusion of A5JRIA55R ORFs 

hemagglutinin 
VAC 

VAR.IfBSH:i7R) 

raccoonpox 

(24 matches lo various 

proicins 

euanylate kinase (f) 
VAC ' 
VAR (BSH:J8R) 
MM guanylaic kinase 
HS guanylafc kinase 
21 maichcs mainly to 
gi/anylate kinases 

serine/tbreooioc protein 
k f D ase 

VAC 

VAR-I 

VACBI2R 

100 matches mainly to protein 
kinase family 



1.8e-2n 
4.3e-I78 
1.5C-91 
<0.34 



5 1 2/3 I 5 
IE3/238 
74/104 



99 
76 
7 J 



{Antoinc a aL. 1996) 

(Shida, J9861 
(Cocbfl et aL. 1990) 
fShchclkunov tt at., 1995; 
(Cavallaro and Esposito. I993j 



3.2C-62 


94/97 


96 


2.2e-57 


88/97 


90 


4.3e-24 


39/91 


42 


2.8C-20 


35/91 


38 


<0,20 





(Smtih at., 1991) 
(Goebcl ef aL, 1990) 
(Shchetkunov ct aL, 
(Brady et aL, 1996) ' 
fBrady et aL, 1996) 



1995) 



7.Ie-2J5 
2.7C-2I0 
4. 9c -4 9 
<0.0003I 



298/300 
289/300 
27/53 



99 
96 
50 



(Howard and Smith. 
(Banham and Smith, 
(Lin es a/.. 1992) 
(Goebcl ct aL, J990) 
(Shchclkunov et aL, 
(Goebcl €t aL, 1990) 



1989) 
1992) 



1995) 



1«SR 


I52I44 


96 


B2R 


152434 


219 






M9 


I«9R 


152289 


143 


B2Jt 


152720 


219 


ITOR 


152917 


179 


B3it 


133456 


124 






167 






92 


I71R 


153683 


177 




154216 




B4R 




558 


B6R 




558 


172R 


154107 


409 



11.5 



20.9 



protein (fl) 



24.6k 
VAC 
hisionc H2A pea 
24.6k protein (fl) 
VAC 



20.9k 
VAC 
VAC WR 

var<;ar H5R 



protcio (f) 



B4R 
B6R 



21.4 



155336 



47.7 



558 

558 

483 

1765 

516 

574 

574 

882 

668 

237 

473 

4 74 

446 

437 

634 



X 



X73R 



BSR 
B7R 



174R 

B6R 
B7R 



17SR 
B7R 



155424 317 
156377 

317 

317 
259 



156474 17.1 
156995 173 
65 
685 



157033 177 
157566 182 
184 
182 



35.1 



20.2 



»7<R I5762I 
158301 

. BSR 
BSR 



226 26.0 

272 
266 
266 
274 



65k aok.ltke proicto 
virulence factor ffl) 
VAC 

VAR-1 (BSH:B5R) 
65k ank-llke protein 
▼Iruleoce factor (f2) 
VAC 

VAR-I (BSH:B5R) 

MYX M-T5 protein 

MM ankyrin 3 

orf virus 

VAC B18R 

VAR-1 B19R 

HS KIAA0379 

CPX host ranee gene 

VAC WR hr ecne 

VAC MIL 

CPXOIL 

VAR OIL 

CPXDIL 

VACC^L 

159 matches including 
ankyrin proteins 

ps/hr protein/ 
EEV BP42 
complement control 
VAC 

VAR-I <BSH:B6R) 
C^»XDI7L 

1S6 matches to compieraeni 
control protein family 

20.2k protein 
VAC 

VAR.BSH (l:B8R) 
NAD-proiein ADR rtbosyl- 
transferase phage T4 

20.7k protein 
VAC 

VACC8L 
CPXD12L 

EF-hand calcium-binding 
domain 

3Ik inlerferon-gamma 

receptor (f) 

VAC 

VAR-BSH (I:B9R) 
BCr 

.<iwinepox C6 



protein 



8.5e-38 
0.59 

5.7C-86 



54/60 
16/50 



124/128 



8.2e-33 


51/56 


91 


5.3e-45 


5 1/56 


91 


3.4C.06 


19/28 


67 


8.5C-107 


151/154 


98 


1.7e-98 


140/154 


90 


2.4C-283 


195/201 


97 


2.3e-270 


185/201 


92 


5.5e.l0 


19/57 


33 


9.7e.i0 


22/54 


40 


1.8e-09 


16/47 


34 


3-3C-09 


11/23 


47 


3.6C-09 


19/72 


26 


5.1e-09 


20/52 


38 


1.7C-08. 


14/47 


29 


2,8e-08 


15/4 7 


31 


5.IC-07 


23/81 


28 


S.7e-07 


22/61 


36 


8.8C-07 


23/81 


28 


I.7C-06 


8/27 


29 


7.8C-05 







I.6C-232 
7.1e-220 
2.le-I2 
<7.7c-05 



312/317 
294/316 
16/52 



1.5C-I2I 173/173 
6.0e-40 62/65 
0.56 17/56 



98 
93 
30 



100 

95 

30 



90 (Gocbel et aL. 1990) 
32 P4028J 

(Goebcl et aL, 1990) 
96 (Goebcl et aL, 1990) 



(Smith ei aL. 1991) 
U 18339 

(Howard et aL. 1 99 1) 
(Mossman et aL. 1996) 
(Goebcl et aL, 1990) 
(Shchclkunov et aL, 1995) 
(Howard et aL. 1991) 
(Mossman et aL, 1996) 
(Goebcl et aL, 1990) 
(Shchelkunov et aL. 1995) 
(Mossmaji et aL. 1996} 
(Peters et aL. 1995) 
U34774 

(Goebcl et aJ., 1990) 
(Shchelkunov et aL. 19951 
AB002377 ' 
(Spchncr er aL. 1988) 
(Kotwal and .Moss. I98Sa) 
(Coebel et aL. 1990) 
(Safronov et aL. 1996) 
(Shchelkunov et aL. 1995) 
(Safronov et aL. 1996) 
(Goebel et ai., 1990) 



fTakahashi-Nishimaki et aL, I99l) 
fEneelsiad et aL. 1992) 
♦'Isaacs et aL. 1992) 
(Goebel e: aL, 1990) 
{Shchclkunov et aL. 1995) 
(Safronov aL. 1996) 



(Gocbel et aL. 1990) 
(Shchelkunov et al 19951 
SXBPT4 " ' 



7.8C-I29 

0.16 

0.49 



3.3e-!64 
3.0e.l53 
2.6e-i51 
3.2C.09 



95/108 

9/44 

8/36 



I 16/123 
1 I 1/123 
I 10/123 
12/31 



87 
20 
22 



94 
90 
89 
38 



(Cocbel et aL, 1990) 
(Goebcl et aL. 1990) 
(Safronov et at., 1996) 



(Upton et aL, 1992) 
(AJcami and Smith. (995) 
(Goebcl et aL, 1990) 
(Shchelkunov et aL. 1995) 
(Mossman et aL. 1995b) 
(Massung et aL, J993) 
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TABLE 1 — 


Continued 






ORF' 


START AA' kDa^ 
STOP 


nume / (puiative) 
Tunctinn / homologies' 


BLAST" 
ex Dec t 


BLAST' 
AA id 


HSS' references 


left 


terminal region; 











X 



177R 


1 584 58 


72 


8.3 


8.3k protelo 








B9R 


158676 


77 




VAC 


3.0C.49 


60/60 


IOC 






240 




caprlpox T4 protein 


1.2e-09 


16/44 


36 






237 




shopc fibroma virus 


0.O057 


15/50 


30 


17SR 


158639 


158 


17.9 


17.9k protein 








BiOR 


159 MS 


166 




VAC 


4.7e.I 10 


146/146 


100 






530 




swinepox VC04 


0.040 


13/4 2 


30 






689 




kclch protein D. melanogaster 


0.14 


12/54 


27 


179R 


159J87 


74 


8.5 


S.5k protein 








BUR 


1 594 It 


88 




VAC 


9.2C-43 


70/73 


95 










177 matches to {:lu/asn rich 
















proteins 








I80R 


159478 


283 


3.V3 


protein kiD.a.<ve 








BI2R 


160329 


283 




VAC 


1.8e.207 


2S2/2S3 


99 


BI2R 




134 




VAR-I 


S.?e-26 


31/54 


57 






300 




VACBIR 


I.7C-54 


26/53 


49 






300 




VAR-1 BIR 


7.7e-53 


25/53 


47 










120 matches mainly to protein 


<0.34 














kinase family 








ISiR 


1604 37 


1 16 


13.0 


ICE inhibitor / SPI-2 (fl) 










I607S7 












BJ3R 








VAC 








B I3R 




1 16 




VAR-I (BSH:B12R) 


3.0e-72 


11 1/116 


95 






344 




CPX crmA 


2.7C.69 


105/1 14 


92 






341 




VAC C12L (SPM) 


2.8e.39 


66/100 


66 






353 




Ectromclia serpin 


2.1C-23 


25/34 


73 






344 




rabbitpox SPI-1 


9.2C-23 


24/34 


70 






357 




CPX SPM 


5.5C.22 


25/34 


73 






355 




VAR-I B25R (BSH:B21R) 


I.4e-2I 


25/36 


69 






372 




CPX serpin-likc protein 


1.7e-2 1 


25/34 


73 






372 




1 35 matches mainly to serpins 


1.7C-36 


25/36 


69 












<0.!2 






1S2R 


160762 


222 


24.9 


ICE Iahibitor/SPI.2 (f2) 








B14R 


161430 


222 




VAC 


6.2e.l58 


218/222 


98 






345 




VACWR 


9.4c. 156 


215/221 


97 






345 




rabbit pox SPI-2 


1.6C-I53 


211/221 


95 






34 1 




CPX crmA 


4,5e-148 


203/220 


92 


BUR 




344 




VAR-I (BSH:B12R) 


1.5e-146 


203/220 


92 










309 matches see above 


<i.3c-2I 






183R 


161506 


143 


16.7 


16.7k protein 






BiSR 


161937 


149 




VAC 


3.6c. 105 


97/98 


98 


B14R 




149 




VAR.|(BSH:B13R) 


9.U 104 


95/98 


96 






153 




VAR-I DIL (BSH;D2L) 


8.8C-3I 


25/52 


48 






181 




VAC CI6UB22R 


I,0c-26 


25/52 


48 






159 




capripox T3A 


I.4C-17 


17/42 


40 






151 




rabbit nbroma T3A 


2.6e-07 


17/44 


38 






190 




VAC A52R 


0.073 


10/28 


35 






149 




VAC WR k:7r 


0.21 


7/22 


31 






149 




VAR-I C4R 


0.30 


7/22 


31 






161 




CPX M6R 


0.51 


7/22 


31 



I84R 



BJ6R 
BI7R 



186R 

BISR 
BI9R 



162021 326 
163001 

326 

326 

290 

69 

296 



36.6 



t85L 164069 340 
B17L 163047 340 
BI5L 340 



164 209 574 
165933 574 
574 



68.0 



I87R 165999 234 27.5 
166703 

B19R 353 
B20R 

569 



IaterleuktD-10 receptor 

(IL-IBR) 

VAC-WR B15R 

CPX B 16 

VAC 

VAR-I (BSHidclctcd) 
HS type II IL-1 receptor 
271 matches mainly to IL-l 
receptors, growth factor 
receptors and Ig family 
proteins 

39.6k protein 
VAC 

VAR-BSH (l:BI8L) 

68k ank-like protein 

VAC 

VAR-I (BSH:BI6Rl 
100 matches mainly lo 
poxvirus ankyrin proteins 

surface antigen. 

I FN-alpha/beta 

receptor (fj 

VAC (WRiBUR) 

VAR-I (BSH:Bl7Ri 

HS inicrteuliin- 1 receptor 

28 matches mainly to IL-I 

receptors 



2.8C-229 


323/326 


99 


2.3e-2l7 


306/326 


93 


4.4e-202 


287/290 


98 


8.Ie-38 


59/68 


86 


1.7C.36 


28/75 


37 


<o.on 







4.8e.248 
2.7e.24I 



0.0 
0.0 
<0.53 



1.4c. 163 
1. 55-149 
0 0051 
<0.53 



335/340 98 
325/340 95 



560/574 
5 39/574 



2 IS/233 
I 11/133 
I 5/4 3 



9? 
S3 

?4 



(Goebel ef a/.. 199O) 

M28823 

F4 3692 



(Goebel al., 1990) 
(Massuns er a/.. 1993) 
(Xuc and Coolcy, 1993) 
(Senkevich et aL, 1993b) 

(Goebel ex a!.. 1990) 



(Howard and Smith. 1989) 
(Goebel a al., 1990) 
(Shchelkunov ei al,^ 1995) 
(Goebel ct aL. 1990) 
(Shchelkunov ct at., 1995) 



(Koiwal and Moss. 1989) 
(Smith ei a/.. 1989) 
(Ray «i fl/.. 1992) 
(Goebel et al, 1990) 
(Shchelkunov et aL, 1995) 
(Pickup « aU 1986) 
(Goebel « at„ 1990) 
(Senkevich et al., 1993b) 
(All ct al,. 1994) 
(Ali <ri a/.. 1994) 
(Shchelkunov et al., 1995) 
(Ali et aL, 1994) 

sec above 

(Gocbcl et 1990) 
(Kotwal and Moss. 1989) 
(Ali et aL, 1994) 
(Pickup et aL,, 1986) 
(Shchelkunov et aL, 1995) 



(Smith and Chan. 1991) 
(Goe*cl et aL, 1990) 
(Shchelkunov et aL, 1995) 
(Shchelkunov er aL, J995) 
(Goebel et aL, 1990) 
(Gershon and Black. 1989a) 
(Upton et aL. 1987) 
(Gocbcl et aL, 1990) 
(Boursncll et aL, 1988) 
(Shchelkunov et aL, 1995) 
(Safronov et aL. 1996) 

(Alcami and Smith, 1992) 
(Spriggs et aL. 1992) 
(Smith et aL, 1991) 
(Spriggs et aL, 1992) 
(Goebci et aL, 1990) 
(Shchelkunov et aL, 1995) 
U64094 



(Gocbcl rr aL, 1990) 
(Shchelkunov et aL. 1995) 

(Smith et aL. 1991) 
(Gocbcl e: aL, 1990) 
(Shchelkunov. et aL. 1995/ 



(Ucda */ ,1,'.. 1990) 
(Symons aL. 1995) 
(Colamontci ei aL. 1995) 
(C(»cbcl es aL. 1990) 
(Shchelkunov et aL. 1995) 
(McMahar et aL. !99l) 



188R 167202 70 8.2 
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TABLE ^~ Continued 



ORF 

left Icrminur 



START 
STOP 



name / ipulutive) 
functinn / honioto|>ics'^ 



H^AST- BLAST' KS5 rrr«rcnces 

expect \\ id { *Tt , 



J674I4 1897 




VAR-BSH (J;B26R) 

*1.7k proi«in 
VAC 822R/C16L 
VAR.j,BSH:D2L) 
VAC B!5R 
capripox T3A 
Vac C6L 

VAR (LD9L;BSH:D12L) 



9.9e.23 3J/38 



81 (Shchelkunov at., 1995) 



26.9 



12.1 



19.7 



193R/ 
OOIL 

B29R 
GSR 



1 71 267 
17f677 



136 14.9 

244 
253 
246 
258 
260 



4Sk aok-Iike protein 
(f2) 

VAC (C17L/B23R) 
VAR-BSH 
CPX host range 
VAR-I D6L (BSH:D8L) 
VAR-I BI9R (BSH: BI6R) 
VAC B18R (WR: B17R) 
VAC C9L 
VAR-I GiR 
orf virus 

VAR-I D7L (BSH;D10L) 
45k ftnk-like protein 
(fl) 

VAC CI7UB23R 

seer. TNF receptor <0 

CPX crmB 

VAR-BSH 

Myxoma vims T2 

Rabbit fibroma Virus T2 

CPXC4L 

HS TNF receptor 

VAC {CJ9UB25R) 

human CD40L receptor 

30 matches to TNF receptors 

and surface proteins 

35k major seer, protein 
chemokfne receptor (f) 

VAC (C23UB29R) 
VAR-I 
CPXORf 8 
SFV Tl protein 
Myxoma virus Tl/35kDa 



2-9e.Ili 

f .2c-88 

7.2e.I9 

8.0C-05 

0.25 

0.26 



6.2C-I59 

9.1e.3l 

Lle-I3 

L7e-n 

1.2e-05 

8.6e-05 

O.OOOI 1 

0.OOO13 

0.0088 

0.014 



95/104 
66/7 J 
25/52 
15/45 
12/46 
12/4 6 



1 10/J 10 

46/49 

22/50 

21/50 

22/73 

22/73 

I 1/24 

22/74 

15/49 

12/28 



91 
92 
48 
33 
26 
26 



(Goebcl et a/.. 1990) 
(Shchelkunov o/., 1995) 
fGoebel e( ai.^ 1990) 
(Gcrshon and Black, 1989a) 
rCoebcl et aJ., 1990) 
(Shchclkunov et at., 1995) 



100 

93 

44 

42 

30 

30 

45 

29 

30 

42 



I.3C.39 


62/63 


98 


5.1C-7I 


76/83 


91 


LOe-66 


73/83 


87 


4.9e.30 


21/37 


56 


L8c-28 


17/36 


47 


8.7e-15 


30/51 


58 


1.9e-08 


14/26 


53 


0.00026 


16/19 


84 


0.0015 


I 1/24 


45 


<039 





6.0C-57 
8.9C.51 
5.6C-49 
2.5C-20 
!.5e-14 



4 1/42 
46/4 9 
40/42 
23/4 2 
21/42 



97 
93 
95 
54 
50 



(Gocbel et at,, 1990) 
(Shchelkunov et al„ 1995) 
(Spchner « at., 1988) 
(Shchelkunov et at., 1995) 
(Shchelkunov et ai., 1995) 
(Gocbel et at, 1990)* 
(KotwAl and Moss. 1988a) 
(Shchelkunov et aL, 1995) 
(Sullivan et al,^ 1995b) 
(Shchelkunov et at., 1995) 



(Gocbel et aL, 1990) 

(Upton et aL. 1991 a) 
(Hu et aL, 1994) 
(Shchelkunov et aL, 1995) 
(Upton et al„ 199 la) 
(Upton et al„ 1987) 
(Heller et aL, 1990) 
(Safronov et at., 1996) 
(Gocbel et at., 1990) 
(Stamencovtc et at., 1989) 



(Patcl er aL. 1990) 
(Graham et aL, 1997) 
(Goebcl et al., 1990) 
(Shchelkunov et aL. 1995) 
(Hu et aL, 1994) 
(Upton et aL, 1987) 
(Graham et aL, 1997) 



^ Number of deduced ammo acids (AA) encoded within an ORF 

'Predicted M, (kDa) for The unmodified protein. 

"ThB lowest Poisson probability determined by The BLAST search (Altschut et iQon^ tk^ - 

:r ""'^ 

•Amino acid identity (AA id) o1 *,rs: n,gn-scor,ng segment pa.r in the BLASTp protocol 

Ammo acid identity of first nigh-scoring segment pair [HSS)% 
I l^o-^o'^g-es based on searcning PIR and SWISS-PROT daia&ases (BLASTp nr) 

Duplicated ORFs locaieo in iTRs. 

ank. ankyrm. 
* HS. homo sapiens. 
MM. Mus muscu/us. 



structures reflecting the natures of their DNA tem- 
plates (not shown). For this family of hypothetical pro- 
tems, no significant homologies were found except for 
the homology to the ORF G4R. the last ORF present in 
ine repeat region of the right terminus of the Brazilian 
aiastrim variola minor virus strain Garcia-1966 (Mas- 
sung et a/.. 1996). Minor ORFs located in the reverse 
orientation within large ORFs and minor overlapping 



ORFs were analyzed but no homologies except for the 
CPN homologs (Goebel etaf.. 1990) were found- these 
ORFs are also not listed in Table 1. Although all MVA 
ORFs were named systematically according to their 
appearance in the genome, the established ORF no- 
menclature of the CPN strain (Goebel eta/.. 1990) was 
used in this report for the homologous MVA ORFs 
unless otherwise indicated. 
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35 resfduc repeal 



39 residue repeat 



concalemer 
resolution sequef»ce 



I* f** lis *i 15« * 171 

^ TCAATCATT-TAGTA T A TGT A T JXAAX T A T T AATTATAAT X T ATOTX T T AMA T A T T AATT A A A T T AOJU^tN, ATAAATAAATCAC AGATCT- r^^^TT 



R I NRI 

nonrepctiiivc regioa 



^8 69/70 bp repey* j ^^^ 



251 



!52 



1190 



Rll 



Rill 



NR 11 

ITR uftiqur nt'taa 



[| 54/112 bp rcfcau 


1 54/112 bp repeats 




K 

Qal Xhal 
6122 






1396 36\B 


3619 6121 



I FIG. 1. i^i Siruciure of ihe terminal ha.rpin loops of M^A, The program DNAsis ;Hiiachi. inc.) was -^sec \o caicutaie me mosi stabi- Sasepai^mc 
.0C3;.cn o. the 39 residue tandem repeatE ano the concatemer resolution sea jence (Msxhiinsky ana Moss. 1989) are indi-aied Cy a-owc "-he 
G-resio-je or tne first nr^ismaiched basepair was defined as residue t. Thus, the database entry starts with this G-residue and proceed^ leftwar- 
aro-jnc me .na.rom. (B) Repeat structure of the termini. The 9.8-kb-si2ed inveaed terminal repeat (ITR) consists of six sequence elements the terminal 
ha.rp.n iooD (LI. the repeat regions l-llt (Rl-Rlll). and the nonrepeated regions I and 11 (NRHI). Resirictionsites critical for cloning and chara-terization 
of the repeats (C/al. X6al. Bsal) are indicated: the recognition sequence of the enzyme Bsa\ is pan of the basic repeal unit and thus occurs frequer^tiv 
within the repeat regions. The numbers indicate the positions of the sequence elements within the MVA genomic sequence 



Structure of termini 

The linear double-stranded DNA genome of poxvi- 
ruses has covatently closed termini; the telomeric re- 
gions are identical but inverted in sequence (review: 
Moss. 1996). Within the poxviruses, ITRs are variable in 
sequence and length; the CPN and the shope fibrome 
ITRs. for instance, are 12 kb in size (Cabirac et aL, 1985; 
Goebet et ai, 1990) and encode for up to 12 ORFs. while 
the variola Bangladesh (VAR-BSH) ITR is 725 bp long and 
does not include ORFs larger than 65 amino acids (Mas- 
sung etai, 1994). In MVA the ends of the genome contain 
% 9.8-kb ITR that are identical up to positions 9809 and 
168.280. 

To characterize the incompletely base-paired terminal 
hairpin loops, which are characteristic for poxviral ITRs 
(Moss. 1996), telomeric RNA transcribed from the con- 
cateme; resolution sequence (Hu and Pickup. 1991) was 
convened into cDNA and sequenced. The MVA terminal 
hairpin loops are 165 residues in size, differing from the 
usual size of about 100 bases. The loop contains a 
perfect 39-nucleotide-Iong tandem repeat at positions 
80-118 and 119-156. not present in the CPN strain (Fig. 
1A). Similar to the CPN sequence, the first base of the 
MVA genome was defined to be the first mismatched 
residue of the hairpin loop (see below). Thus, the data- 
base entry, consisting of the upper DNA strand in 5'-3' 
orientation, staas with this G-residue and proceeds left- 
ward around the 165 bases of the hairpin (see Fig. 1) and 
proceeds to the last base 177.923. the junction to the 
right hcifDin loop, thai is formally provided by the lower 
DNA strand and therefore not repeated :n the database 
entry. The left concatemer resolution sequence is lo- 
cated adjacent to the hairpin (positions 171-190; see Fig. 



1); the right concatemer resolution sequence is located 
at positions 177,899-177,918. 

The structure of the repeated elements at both ends of 
the genome are depicted in Fig. 1B. Six segments were 
identified within the ITR: three regions of tandem repeats 
(Rl. RII. and Rill) are located next to the hairpin loop (L) 
with an intervening nonrepetitive segment NRI. The inner 
pan of the ITR consists of another nonrepetitive se- 
quence NRII. Adjacent to the hairpin loop, an outer bloc 
of 13 tandem repeats (Rl; Fig. IB) is located from bases 
252 to 1190; the equivalent region in the CPN strain is 
similarly organized but about three times larger. The Rl 
region is composed of two t>'pes of different repeated 
elements, the 69- and the 70-bp repeat. Southern blot 
analyses confirmed that this region is responsible for a 
microheterogenicity of the terminal 1.1 -kb Xba\ fragment 
(not shown). The outer bloc is followed by the nonrepeti- 
tive region NRI (positions 1191 to 1395). interestingly, a 
sequence stretch staaing at position 1396 is repeated in 
position 3619 and nowhere else in the genome. Regions 
Rll (positions 1396-361 8) and Rill (positions 3619-6121) 
are very similar to each other and obviously the result of 
a duplication. Thus. MVA has two inner blocs. Rll and 
Rill. 2.2 and 2.5 kb in length, respectively. The tanderr 
repeats of the Rll-Rin region start at base 15O0 and end 
at 6121. Rll and Rili contain clusters from one to sever 
copies of a conserved 54-bp repeat eiement aisc four- 
in ihe CPN strain. Between these ciuste.i^s. reoeat ele- 
ments similar to the 54.bp repeat element, out wir 
variations in the sequence and lengtn. are founc. A: 
repeats in Rl. RH. and Rill have a U-op sequence lA-- 
GAGAGAAAGAGA) in common, which is repeated 7~ 
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>fVA 



VAR 



left terminal rsgion 



48 » CJZ763 



— central — 
conserved 
region 



right leminal region. 



'"Ha" W 



28k 

- ' rpo 

Pi>a4- - -// -- ^u ii J nrt 

: ^C10L2^C7L nK4L ATI 14K EEV ifl.uVn J 



^ Lj ■lUJLLJLJBl. 

TNFR SPI-3 



28k 
vir 
: CJU 

VGF : a-A« K7R 

HB vcp i jy '"" 



tV 



lui u r 



ClOL : C7L 
^ 2ijtC6L 



SPI-3 



AH EEV 3 6.HSD 
rpo35 



<I350I d809 dl771 



6fik anfc , 

• - ^ ■ gene 

■■k anh I | intact gene 



rpo 
132 



SOD 



ATT 14KEEV 



B J n iii 

3 B.HSp 



ligase 



65IcIFN-yR 68k ank 

ank I SPr.2 jlFN-o/pR TNFR 

nn nfm ni \ fj ^^sk msp 



IL-IBR 



SPI-I 



CPN 



msp 



u 



TNFR ^5k 
ank 



q)x hr 
region 

vofI 

-'IT 

U UUID U- 



o-AS 



K7R 



ClOL C6L 
75k C7L 
ank 

a I 1 1 1 

dl'^yi d3585 d4817 
C22L.C19L CJ6L.C12L C5L-NJL 



ILEL 

\\K4L 

SPJ-3 

crzi 

d2763 
MIL-KJL 



rpo 
132 



SEM : SOD : 



65k 
ank 



AH MK EEV 
rpo3 5 



6Sk ank 
W^-y^ i i 45fc ank 



3 fi-HSD 



IL-jQR 



d3501 
A5m-A55R 



□ 

dS09 
B20R 



a 

di77l 
B25R.B28R 



are underlined. Deletion >150 bo in MVA relative to the cSain areSated b^^ °' 
Of the deletion (d) in basep^lrs. Venica. arrows in the MVA map ndi« e^e ooJ^^onrJ^^H^ '^'''^ "''P' ""'""^^^ '° size 

35-cDa major secreted protein, chemokine receptor (C23L)- TNFR T^r lTrl^. T ORFs in the left terminal region, 35k msp 

VGc vaccinia growth factor (Ct 1 R); 28k vir. 28-kDa Slenclrctor S BSH 06^^^^^^^ ^'"'^^ -Mn-iikejrotein (CtTU 

D6U, SP.-1. serpin SPI-I (C,2LJ; 75k ank, 75-KDa ankyrin-like prmLM^gLfceL 8 2^ oro'^^^ 'r""" ""'^ 
3=-kDa vaccnia complement control protein fC3L)- a-A^ atoha-amrn i, J Ino-; °' unknown function: C7L. host -ange protein- 

interferon resistance (K3L): LPL lysophospholipase iJe gene (kTl. ORF, i^ 'r 'T'" '"'^^ ^'^^ ''"^^ ^P". ^e^^-n SP,-3 «2U- 
polymerase (A24R and A29L): ATI. cowpoxVpe Tn^sirn bVdT^g^^^^^^^ '^^ '35).kDa subanit of the R^A 

semaphorln-like protein (A39R); NKCR. naJal killer cell SepTor hoSoo fMOR^ ^^^^ 

superoxide dismutase-iike protein (A45R); HA hemaaolutinin fZssR. , t 33-''i"1^0''ysteroid dehydrogenase (A4iL)- SOD 

-erferon-^ receptor ,B8R,: SPI-2. serpin SP..2 (B,3RML BR Seukfn ^B ,71''! "'"'^'^^ ankyrin-like protein (B4fi,: FN°ft 

.ceptor (B19R); P214. variola 2,4-kDa protein /AR B22R ?oldfac?Ho^on,anrnes T '^'^'"^ '^^■-P'^- -'erferon-2p 

help ,0 Identify the respective cene locus honzontal l,nes indicate the extent of the inverted terminal repeats Dorec Iin4 



t.mes. found for the first time at position 359 and ending 
i"e last lime at position 5972. 

Fragmented and deleted ORFs in the left terminal 
genomic, region 

inrIl^^^°"'®•^ °^ onhopoxviruses may be subdivided 
3 ieS.^^!i:n^^ spanning the region 

rom the left hairpin loop to the lysophospholipase (LPL)- 

orot^ n ' o"^'" (encodif^TTh^owQiB^r^ 

S ?H polymerase subunit rpol32. respec- 

aSI inn ^ ^^^C^^^^ «^'«"^'"9 frof" the 

haS onn ffir ^""""^ '^9'°" <A25L) ,0 the right 

frst gene ,n the vaccinia CPN strain. C23L encoding the 



35-kDa major secreted protein (Patel er a/.. 1990) re- 
cently shown to encode a chemoklne binding orc-r 
expressed by several oahopoxvirus strains (Graham et 
al 1997), is disrupted in MVA. FxagmentedORFs in the 
left terminal genomic region furtheMp^illdrCigLrencod- 
•ng a tumor necrosis factor receptor {TNFR)'hSmolog (Hu 
etal.. 1994; Upton ef a/., iggia), and C17L, coding for the 
45-kDa ankyrin-like protein (Goebel iggo) A region 
common to MVA and the variola Bangladesh <BSH) 
strain but absent in CPN. i s the highlvfr agmpntPrf cow- 
P_ox (CPX) virus host ran ^e (hr) gene reQ ion~fhi;. region 
includes aJsamented^ORF^y^^^ ^ 
virylen^factor in ectromelia^^^^ 28k virulence 
factor (Senkevich etal.. 1993a), which is also structurally 

ImuaZ?/'"'^ ^"'^ ^"^^^'^ 3 13.7-kDaprottin 

(M^UtJiat.^isJ^ to a vaTiSlToRFTBSH- 

jJTL) and to a corresponding ectro^^^^U^^;^J^^ORF 



GENOMIC SEQUENCE OF THE MVA STRAIN 



385 



Alignment of the CPX hr gene reg ion with the corre- 
sponding sequence in MVA (not shown) confirnned that 
an MVA homolog to the CPX hr gene is present, but due 
todeletions and franaeshifts , is split int o five ORFs 
{ MVA'6b9L-0l"3L) . An interrupted remnant ofThe CPX hr 
gene is also present in the vaccinia WR strain (Kotwal 
and Moss, 1988a) and in the ectromelia strain Moscow 
(Chen eta I.. 1992). 

Adjacent to the CPX hr gene homolog is the^ycDa 
ajnk^ainjike,..,^^^ ank, C9L). which is split into 

three ORFs in MVA (MVA014L-016L). Furthermore, the 
neighboring CgL^^O^f has a 2l'nucleotide in ternal, dele-, 
t ion and the secreted I4k virulenc e JacjojiiNIL) is par- 
t jally deleted . A further potential virulence factor, which is 
intact in CPX and ectromelia. but split into the ORFs 
MVA026L and 27L as well as in the corresponding ORFs 
K5L and K6L irTthe CPN strain (see Table 1 and Fig. 2), 
is the vaccinia LPL homolo g. which is homologous to 
human and bacteria! lysophospholtpases {R. L Buller & 
C. Upton, unpublished). 

Four large deletions in the MVA left, terminal regio n 
relative to the CPN sequence, termed d177l , d 3585 . 
CI4817 , and d2763 (the numbers refer to the size of the 
deletion in basepairs) Include totally or partially the ORFs 
C22L-C19L C16L-C12L. C5L-N1L. and M1L-K1L (see 
lower part of Fig, 2). Among them is a potenti al virulence 
factor, the vaccinia complement-bind ing pr otein (VCP ) 
t hat modulates complement activation (Kotwal, 1988: 
Miller ef a/., 1997), the serpin SPM1^(C12L). and t he hos t 
range gene K1L (see also Altenburger et al„ 1989), 
thought to be necessary for growth of vaccinia in human 
cells. 

, Structurally intact ORFs in the left terminal genomic 
■region 

Only 8 of 27 listed ORFs are structurally intact in the 
left terminal region of MVA (see Table 1 and Fig. 2) and 
presumably encode functional proteins. The intact ORFs 
encode the vaccinia growth factor VGF (011 R), the ClOL 
and C6L proteins of unknown function, the C7L hr pro- 
tein, the a-amanitin-sensitive protein (N2L), the serpin 
SPI-3 (K2L), an interferon resistance protein (K3L) and 
the protein encoded by ORF K4L The ORF K4L encoding 
a major poxvirus envelope antigen present in various 
poxviruses except for variola, is highly homologous to a 
human member of the phosphoiipase D superfamily 
(Cao era/., 1997). Although structural integrity of an ORF 
does not mean expression of a functional protein, the 
eight intact ORFs in the left terminal region of MVA seem 
to be the minimal requirement of genes necessary fc an 
efficient vaccinia vaccine strain. In. summary, the ieft 
terminal genomic region of MVA is uniaue and includes 
relatively few intact genes, most of which seem tc be 
involved in nost-virus interaction. The region has 'arge 
deletions but also a large insenion relative to the proto- 
type vaccinia CPN sequence. The presence of the targe 



"cowpox hr-region" and its adjacent genes not present in 
the CPN strain suppoas the idea that CPX or a CPX-like 
virus is the ancestor of vaccinia viruses. This view Is 
further suppoaed by the fact that the vaccinia WR strain 
{Kotwal and Moss. I988a) and the ectromelia Moscow 
strain (Chen et ai, 1992: Senkevich et al., I993a) also 
enharbor a cowpox hr region including the 28k virulence 
factor and the adjacent 13.7k protein (or remnants 
thereof) and interrupted versions of the CPX hr gene (see 
also Safronov et ai. 1996). DNA alignments of the CPX hr 
genes of the CPX Brighton strain, the vaccinia MVA and 
WR strains, and the ectromelia Moscow strain revealed a 
closer relationship of the vaccinia and ectrorrieila se- 
quences compareo to the cowpox sequence (data not 
shown), again arguing for an ancestral CPX or CFX-!ike 
virus as an ancestor of vaccinia and ectromelia virus. 
Although similar, the mutations in the CPX hr genes of 
the MVA and the WR strain result in different fragmenta- 
tions on the protein level excluding a closer relationship 
of the two strains. Since the CPX hr gene is sufficiently 
divergent between orthopoxviral strains, it seems to be 
an excellent candidate for establishing phylogenetic re- 
lationships. 

Fragmented and mutated genes in the central 
conserved genomic region 

As expected, most of the ORFs in the centra! con- 
served region are intact, although amino acid changes, 
compared to the respective homologs in the CPN and 
VAR strains, are frequent {see also Tpble 21Surprisinalv, 
however, three fragmented ORFs(F5U/pnQ and/6i1L) 
were found in the MVA central regionVfntJicating iTIfm 
these genes are nonessential and constitute potential 
stable insenion sites for foreign genes. In fact, WR strain- 
based mutants inactivating the F5L. FlIL. and OIL loci 
could be generated, confirming their nonessential char- 
acter (F. Scheiflinger. unpublished). The ORF F5U encod- 
ing the 36.5k major membrane precursor (Roseman and 
Slabaugh. 1990). is split into two ORFs in MVA {MVA033L 
and MVA034L). An array of small ORFs of unknown 
function, F6L-F8L (MVA 035L-037L), located downstream 
of F5U is present in variola and vaccinia strains. Further 
analysis of corresponding orthopoxviral sequences 
would be useful to clarify the question of whether this 
region is the remnant of one large gene. 

The second fragmented ORF of the central region. 
FilL. encoding a 39.7-kDa protein of unknown function, 
is split into the ORFs MVA0401: and MVA041L. in ine orf 
virus strain NZ2. the FiiL homolog is an early gene 
located near the leu lerminus in the orf virus genome 
(SulHvan er aL 1995aK 

The third ORF in tnis region that is split intc avo pars 
(MVA059L and MVA060L) is OIL encoding a 775-kDa pro- 
tein o? unknown function. This protein contains a !euc;re 
zipper and a bipaaite nuclear target sequence (Goebel et 
aL 1990). Two of the nonessential ORFs also have ho- 
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029L 
031L 
032L 



033L 
034L 



036L 



040L 
041L 



052R 
054R 
055R 



059L 
060L 



085R 
095R 
100R 
104R 
115L 
T20L 
123L 
133R 
135R 



TABLE 2 

Divergent Homologous QRFs Located in the Central Conserved Region of MVA. CPN. and Vanola Virus 



OR? na.-ne 



rlL 

F3L 

F4L 

F5L 

F5L 

F7L 

FlIL 

FUL 

E5R 

E7R 

E8R 

OIL 

OIL 

JlR 

H5R 

D3R 

D7R 

A4L ' 

A9L 

A12L 

A22R 

A24R 



VAR-' 



C5L 

C7L 

C8L 

C9L 

C9L 

CllL 

01 5L 

C15L 

E5R 

E7R 

E8R 

OIL 

OIL 

L1R 

I5R 

F2R 

F7R 

A5L 

A10L 

A13L 

A23R 

A25R 



Am:no acids 



MV.VCPN/VAR 



222/226/237 

476/480/161 

319/319/333 

97/321/348 

218/321/348 

80/92/79 

84/354/354 

100/354/354 

331/331/341 

166/166/60 

273/273/273 

152/666/665 

405/666/666 

153/153/159 

203/203/220 

233/237/237 

161/161/157 

272/282/271 

94/99/95 

187/192/189 

187/176/187 

1155/1164/1164 



* SpJit ORFs are boxed. 

" Nomenclature according to Massung et al. (1994), ukn. unknov\^n. 



Deleiion/insenion >I-3a/iunciion 
or homology 



12m del; ukn 

I2nt del; envelope antigen 
Ribonucleotide reductase 
Frame shift; truncation 
Membrane protein precursor 
36m del (lys-asn repeats) 
Multiple deletions: truncation 
ukn 

30nt del; ukn 

17k myristylprotein; ukn 

Deletion in promoter region; ukn 

19m, 25nt del; fragmentation 

Leu-zipper pattern; ukn 

Dimeric virion protein: ukn 

VLTF.4 

12m del; structural 27k protein 

RNA pol subunit 

27ni del; core protein 

l5nT del; ukn 

15nt del; virion protein 

ATG mutated in CPN; ukn 

"Minor" ATG mutated: rpol132 



rr.ologs in MCV; FliL is the homofog of MCV018L and 01 L 
is homologous to MCV042L F5L has no counterpart in 
MCV, consistent with iis nonessential character. 

Further significant differences (deletion/insenions > 2 
annino acids) in homologous genes located in the central 
conserved regions of MVA, CPN, and variola are sum- 
prized in .labie 2. An unusual mutation, the partial 
deletion of the promoter region of the E8R ORF. may 
influence expression of this gene in MVA A second 
mutation of this t^/pe is the deletion of the late part of the 
nemagglutinin gene promoter (Antoine et ai, 1996). Fur- 
ihernnore. some genes have suffered small in-frame de- 
ietions. resulting in slightly smaller proteins, among them 
genes encoding an envelope protein =F3L) and a striic- 
tural 28-kba protein (D3R). The F7L gene product, en- 
coding a protein with iys-asn repeats, has suffered an 
internal deletion of 12 amino acids. A funher interesting 
mutation that may affect the stability of MVA virions is the 
deletion of 9 amino acids in the membrane-associated 
core protein A4L (Cudmore et aL, 1996). 
A point mutation in the first of two possible ATGs of the 
ORF, encoding the large RNA polymerase subunit. 
^as the consequence that only the major primary gene 
product of 1155 amino acids, the 132-kDa form of the 
enzyme (Patel and Pickup. 1989), can be synthesized. A 
second mutation affecting a start codon was noted; the 
^22R gene in the CPN strain is mutated, resulting in a 
Protein of reduced size. The MVA and variola homologs 



share the same initiation codons. Although the functions 
of many proteins have been elucidated, the majority of 
genes in the central conserved region have not been 
characterized in detail. 

Deleted and mutated ORFs in the right terminal 
genomic region 

The right terminal region, beginning downstream of 
the RNA polymerase rpo132 subunit gene {A24R). with 
the remnants of the CPX A-type inclusion body (ATI) ORF 
and its flanking regions, is structurally more conserved 
than the left one. However, three large deleiions. termed 
d3501. d809. and d1771. were found in the right terminal 
region relative to CPN sequence (Fig. 2). Deletion d3501 
has been described previously and includes the ORFs 
A51R-A55R (Antoine et ai, 1996), among them a small 2^ 
ORF (A53R) with homologies to TNFR. Due to d3551 a 
large new ORF (MVA164R) that is a fusion between ORFs 
A51R and A55R was formed, res.ulting in a hybrid gene. 
The promoter region of the hemagglutinin gene is also if 
affected by d355l, presumably resulting in' poor expres- 
sion of this gene (see also Antoine et sL. 1996). Deletion 
d809 affects the small ORF B20R of unknown function 
while deletion dl77l. located in the ITR. includes the 
ORFs B25R-B28R. a region fragmented in the CPN strain 
that corresponds to a large ORF in variola coding for a 
69k ankyrin-like gene (BSH-GlR). 
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An array of more conserved genes. A27L-A38U is 
located downstream of the ATI ORFs. including nnany 
proteins present in extracellular enveloped virions (EEV). 
One of them, the 43- to 50-kDa EEV membrane protein 
encoded by ORF A36R is also a virulence factor and 
determines plaque size (Parkinson and Smith, 1994). This 
gene is intact in MVA but two in-frame deletions of 27 
and 12 nucleotides result in an altered protein of slightly 
reduced size, potentially affecting the propeaies of MVA. 

A fragmented ORF that follows this conserved region 
in MVA is A39R encoding the human semaphorin (SEM) 
homolog. The semaphorin gene family encodes neural 
grov^h cone guidance moleGuies (see Kciodkin et aL, 
1993) and was recently also found in iympnoid tissue, 
including T cells and natural killer ceils (Furuyama ei aL 
.1996; Hall e: a!., 1995). The semaphorin-iike genes are 
structurally intact in CRN but disrupiec -n ihe variola 
strains as well as in MVA. Semaphorins are also present 
in herpesvirus {Ensser and Fieckenstein, 1995). 

The ORF located downstream, of the semaphorin ho- 
molog, A40R, was originally described as a lectin-Iike 
protein (Smith etaL, 1991). Recent progress in molecular 
biology of natural killer (NK) cells (review-. Lanier. 1997) 
allowed the identification of this ORF as the human NK 
cell receptor (NKCR) homolog: the structures of A40R in 
various poxviruses and the potential role of this mole- 
cule, including MVA immune evasion, is discussed else- 
where (Scheifiinger et aL, submitted for publication). 
. One of the interesting genes downstream of the NK 
receptor homolog is the profilin homolog A42R (Blasco et 
aL, 1991). This ORF has a 15-nt in-frame deletion in MVA, 
which may affect the function of the slightly smaller 
profilin in the microfilament metabolism in which profi- 
lins are involved. The adjacent ORF A43R also carries a 
i12-nt deletion, reducing its size from 194 to 190 amino 
acids. The 33-hydroxysteroid dehydrogenase {3p-HSD; 
A44L) is intact in MVA and CRN, while defective in vari- 
ola. The superoxide dismutase-like ORF (SOD; A45R) 
carries an internal 12-nt deletion in MVA relative to the 
CPN and variola sequences. 

A hypervariable region begins downstream of the viral 
ligase gene (Table 1). The guanylate kinase (GK; A57R) is 
truncated in MVA while intact in the CPN and variola 
strains. Further fragmented ORFs in the right terminal 
genomic region include B2R, an ORF of unknown function, 
split into two small ORFs (MVA168R and MVA169R). and 
B4R. a 65kDa ankyrin-like protein, split into the ORFs 
MVA171R and MVA172R. The B4R protein corresponds to 
the MT-5 protein, which is a strong virulence factor in 
myxoma virus (Mossman etaL 1996). Many of the classical 
poxviral immune evasion genes located in the right terminal 
region, including the inierferon-'v receptor (IFN-7R; BSR). 
the inierleukin convening enzyme inhioiTor (SPl-2), the in- 
terferon-oc-^P receptor (IFN-a pR: Bi9R) and the TNFR {CPX 
crmB). are fragmented; the inierleukin 1(3 receptor (iLip-R). 
however, is intact and highly conserved between MVA. the 
WR strain, and CPX (see Table 1). 
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The right terminal genomic region additionally harbors 
ankyrin-like genes, the structures of which are summa- 
rized in Table 3, With the exception of the 68-kDa ank 
gene (BI8R), all genes of this class are either fragmented 
or deleted in MVA, among them the 65- and the 54-kDa 
ank genes B4R and MIL, respectively Interestingly, a 
small gene fragment, homologous to the largest poxvirus 
protein identified so far. the variola transmembrane pro- 
tein (BSH-B22R), is present in the right ternninal region 
(MVA188R). The last ORF in the unique paa of the ge- 
nome (B22R: unknown function) has suffered two dele- 
tions relative to the CPN sequence causing frame shifts. 
The duplicated open ^eading frames located in the right 
iTR are described above. 

DISCUSSION 

Mutated structural and membrane proteins potentially 
affecting the physical properties of MVA _ 

Although MVA grows efficiently in chicken embryo 
fibroblasts (Mayr and Malicki. 1966) and also in baby 
hamster kidney (BHK) cells (Carroll and Moss, 1997), it 
seems to be unstable upon purification (R G'. Falkner, 
unpublished). The reasons for these properties are un- 
clear, but may be the results of mutations in structural 
and membrane proteins. Most genes encoding struc- 
tural, membrane, and core proteins are highly conserved 
among orthopoxviruses. However, several exceptions 
from this rule were found in the MVA sequence. The 
A36R ORF (MVA147R) has suffered two internal deletions 
of 9 and 3 amino acids that may affect EEV formation and 
virulence (see also Parkinson and Smith, 1994). A struc- 
tural component that carries an internal deletion of 3 
amino acids in MVA is the D3R protein, found in a 
detergent-insoluble fraction of the virion (Oyster and 
Niles. 1991). A further interesting structural protein car- 
rying an internal deletion of 9 amino acids is the mem- 
brane-associated core protein p39 encoded by ORF A4L 
This protein most likely interacts with an integral mem- 
brane protein of the IMV and possibly functions as a 
matrix-like linker protein between the core and the in- 
nermost of the two membranes surrounding the IMV 
(Cudmore et aL 1996). Substitution of the D3R or A4L 
ORFs by their wild-type counterparts may improve the 
physical properties of MVA, 

Host range genes and genes containing ankyrin 
repeats in MVA 

The "tlassical" host range genes in oahopox^yiruses 
-nclude KlL and C7L thought to be sufficient for gro^A^.h 
of vaccinia in human cells, and the CPX virus hr gene, 
which extends the vaccinia host fange 10 Chinese ham- 
ster ovary cells {review-. Perkus et ai. 1990). The siruc- 
lures of the hr and ankyrin-like genes are summarized ;n 
Table 3. As described previously (Altenburger et aL. 1989; 
Meyer era/., 1991). the hrgene KIL is partiatty deleted in 
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TABLE 3 

s.u«.e o, on^sc^n^ 'Cairr :L-rrn.^s^::rv^ "--r "-^^ '-^^^-^ — 

ntjp^ais ano tneir Homotogs in Vaccinia Copenhagen and Variola Virus 



003L 
004L 



009L 
010L 
OIIL 
012L 
013L 



014L 
015L 
016L 



0V8L 

022L 
022L 
050L 



171R 
172R 



173R 
186R 



190R 
191R 



C17L 
C17L 



C9L 

C9L 

C9L 

C7L 

MIL 

K1L 

K1L 

E3L 

34R 

B4R 

B5R 

B18R 

B23R 

B23R 



■^ote. —. deleted in the respeciive virus 

see Tabled 
" ankvTln. 

' cowpox host range. 



OIL 

D6L 
D6L 
D6L 
D6L 
D6.5L 

D7L 

DHL 

OIL 

03L 

C1L 

E3L 

B5R 

B5R 

B6R 

81 6R 

DIL 



Amino acids 



MVA'CPN^VAR 



102/386/— 

233/386/91 

90/—/— 

142/— /452 

135/— /4 52 

90/— /452 

71/-/452 

109/634/91 

96/634/— 

297/634/153 

150/150/150 

— /472/446 

98/284/70+76 

98/284/76 

190/190/192 

177/558/558 

409/558/558 

317/317/317 

574/574/574 

233/386/91 

102/386/— 



Puiaiive funcTfon/ 
homology 



45k ank^ protein 
45k ank protein 
77k CPX*' hr protein 
77k CPX hr protein 
77k CPX hr protein 
77k CPX hr protein 
77k CPX hr protein 
75k ank protein 
75k ank protein 
75k ank protein 
hr protein 
54k ank protein 
Host range 
Protein 

dsRNA dep. PKI 
65k ank protein 
65k ank protein 
ps/hr / £EVgp42 
68k ank protein 
45k ank protein 
45k ank protein 



MVA, and. similar to the situation in variola, the CPX hr 
homoiog is split into several separate ORFs. Only C7L is 
intact (100% identity to C7L of the vaccinia WR strain)- 
neveaheless, MVA does not grow in human cells. A 
mher candidate gene that may affect host range in MVA 
••s the serpin gene SPl-i. the lack of which in rabbit 
Doxvirus (a close relative of vaccinia) resulted in a re- 
stnciec host range including human cells (Aii et al 
1994). T>,e SPI-1 gene is deleted in MV,A 

A c!ass of genes related to and ir^ciuding some hr 
genes are the ankyrin-like (ank) aenes (review: Shchel- 
<uncv ei aL, I993b). All ank genes are defective or 
oeletec in MVA except for the 68-kDa ank gene {B18R) 
...e function of which is unclear. The 54-kDa ank gene 
^MlL) iS deleted in MVA and the 65-kDa ank gene (B4R) 
'S split into two pieces. A homoiog of B4R. the strong 
nnyxomavirulencefactorM-T5(Mossman era/.. 1996) is 
mvolved in attenuation and host range in myxoma vims 
rwo further ank genes present in variola, the 69k and the 
94k ank genes (BSH-B18R and BSH-GlR). are absent in 
MVA. In summary, despite the presence of an intact 
Human host range gene (C7L). MVA does not grow in 
nnost mammalian cell lines; replication of vaccinia in 
numan cells is dependent not only on the configuration 
Of the classical human hr genes, but also on the genetic 
background of the respective vaccinia strain. 



A comparison of MVA with the host range restricted 
vaccmia strain NWAC. which enharbors 18 engineered 
deleted ORFs (Taaaglia et aL^ 1992). revealed that both 
viruses share common deleted or nonfunctional ORFs 
including the 6 ORFs of deletion d48l7 (C5L-N1L) ORFs 
B13R and B14R encoding the ICE inhibitor, the ATI rem- 
nant ORF A26L and the Kl L host range gene. In contrast 
to NYVAC. the MVA strain has a functional thymidine 
kinase gene, an intact C7L host range gene, and intact 
C6L. A56R (hemagglutinin), and I4L (ribonucleotide re- 
ductase) ORFs. Despite similarities, the two potential life 
vaccine viruses have a clearly different genetic back- 
ground. 

Further ORFs involved in host-virus interaction 

Homologies of vaccinia proteins with proteins involved 
in lipid metabolism were found recently; the vaccinia K4L 
protein is homofogous to the phospholipase D (PLD) 
gene family (Cao era/.. 1997; Sung era/.. 1997). Mutation 
of a crucial motif found in the vaccinia PLD homoiog 
resulted in loss of -efficient vaccinia virus cell-to-cell 
spreading, suggesting that it encodes a lipid modifying 
or bindmg activity (Sung et aL 1997). The adjacent ORFs 
K5L and K6L are fragments of a gene that is intact in 
cowpox virus and is homologous to human LPL (Table 1 ) 
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Lysophosphatidic acid, the product of LPLs. is a multi- 
functional phospholipid messenger with many biological 
activities (review: Moolenaar er a/., 1997), Lysophospho- 
lipases are suspected to be virulence factors in many 
pathogenic bacteria, such as Vibrio cholerae (Whayeb et 
aL 1996) or Mycobacterium ieprae (Prabhakaran er sL, 
1996). The presence of intact PLD homologs (K4L) and 
the fragmentation of the LPL homologs {K5L and K6L) 
seem to be markers for attenuated vaccinia viruses, in 
variola, both proteins are mutated, the K4L homolog is 
deleted, and the lysophospholipase is fragmented, while 
in CPX both ORFs are intact. 

The role of the semaphorin homologs. fuaher potential 
host interactive proteins in viruses, is still unclear. Orig- 
inally identified as molecules expressed in neural tissue 
(Koiodkin er a/., 1993). expression of family members in 
ymphoid cells- was found, suggesting a role in the im- 
mune system. It seems reasonable to speculate that an 
interaction of viral semaphorins with lymphoid, rather 
than neural, cells occurs. Some semaphorins. such as 
CD100, interact with the CD40/CD40L B cell signaling 
system (Hall et a!., 1996), which also affects virus repli- 
cation (Ruby era/., 1995). !nT cells and natural killer cells 
a serine kinase activity is associated with CDIOO (El- 
habazi et aL, 1997). These cell types may be partners for 
interaction with viral semaphorins. Interestingly, the ORF 
. adjacent to this potential immune modulator is the NK 
receptor homolog A40R (Table 1). Although key muta- 
tions were responsible for the attenuation of MVA (Meyer 
er a/., 1991). numerous genes in MVA that differ only 
slightly compared to their CPN or BSH counterparts 
presumably contribute to the properties of MVA. Thus, 
the highly attenuated phenotype of MVA is the result of 
numerous mutations including large and small deletions 
and substitutions, resulting in the deletion and fragmen- 
.ation of ORFs and the alteration of proteins. 

MATERIALS AND METHODS 

Sequence analysis of the MVA genome 

Prior to sequencing, the MVA strain (obtained from 
Prof. A. Mayr, University of Munich, Faculty of Veterinary 
Medicine) was plaque purified once. The DNAfrom MVA 
clone M4 was cleaved W\xhXba\ and cloned into pUCl9 
and minipreparations of DNA {QIAprep-8 kit (Qiagen 
19047)) were sequenced (Sanger et aL, 1977) on an 
Applied Biosystems Model 373A Sequencer using the 
cycle sequencing method with dye terminators and 
AmpliTaq DNA polymerase FS (A3f PRISM Dye Termina- 
tor Cycle Sequencing Ready Reaction Kit 402122; Perkin- 
Elmer. Inc.). Selected regions were sequenced with 
genomic DNA as template with manually designed prim- 
ers. Frameshift mutations were confirmed Dy direct se- 
quencing of the corresponding genomic templates. The 
sequence of the MVA genome was deposited with Gen- 
Bank (Accession No. U9484S) using the Sequin Program 
(National Center for Biotechnology information, NIH). 
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Open reading frames (ORFs) >65 codons were trans- 
lated using the MacMolly sequence analysis Software 
(Softgene. Inc.) and protein sequences were compared 
with the nonredundant protein sequence database (Na- 
tional Center for Biotechnology Information, NIH) using 
the program BLASTp (Altschui et aL, 1990). Selected 
proteins were also compared to the protein databases 
using the BLAST2 program that constructs alignments 
with gaps (Altschui and Gish. 1996). 
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